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1  
INTRODUCTION 
Recently, concerns over increasing costs and possible depletion 
of fossil fuels have prompted increased research on alternative sources 
of energy. A unique source of energy, which is considered endlessly 
renewable is solar radiation. This energy may be harnessed to provide 
heat for livestock production because heat is required to maintain 
a thermal environment for optimum performance. Since shortwave solar 
energy is only available during the daytime, an efficient air-type 
solar collector may provide the livestock buildings with sufficient 
heat during daylight, but there will be insufficient heat during the 
nighttime and on the cloudy days. Consequently, there has been major 
research emphasis on thermal energy storage. An early analysis of 
thermal storage for buildings by use of crushed rock was presented by 
Lof and Hawley (1948). Thermal storage capacity depends on the rock 
mass, the rock specific heat, and the bulk density of the rock as placed 
in the bed. The specific heat of most stones, brick or concrete-based 
material fall within the range of 0.19 to 0.22 Btu/lb.*F. The probable 
heat storage capacity per unit volume is therefore around 20-35 Btu/ft3*F 
for packing densities normally encountered in rock bed storages. 
Since the solar radiation values are time dependent, the discharge 
air temperature from an active solar collector changes periodically. 
Under clear sky conditions and for an interval of a few days, this 
periodic variation in air temperature may be regarded as a steady 
periodic oscillation. 
2  
Most periodic functions that vary smoothly can be approximated 
closely by the sum of a series of sine and cosine terms of ascending 
frequency (a Fourier series). It is also known that systems that can 
be described by linear differential equations can have their response 
to a steady periodic function predicted by summing the individual 
responses to the fundamental and harmonic frequencies in the Fourier 
series approximating the forcing function (Wylie 1975). A typical 
example from another branch of engineering quoted by Wylie, would be 
a long electrical transmission line with distributed reactance. 
This mathematical approach was selected because it was felt that 
it would lend itself more easily to a computer solution. If the rock 
bed system did prove to have a manageable analytic solution for a 
sinusoidal temperature variation at constant airflow, then this 
method could be easily adapted for the design of an optimum rock bed 
and air-flat plate solar collector for an enviromentally controlled 
building. 
3  
OBJECTIVES 
The principle objectives of this study were: 
1. To develop a mathematical model to determine the discharge , 
temperature variation with time when a rock bed storage is exposed 
to a steady airflow which varies in temperature sinusoidal1y. 
2. To develop laboratory equipment to verify the validity of 
the model. 
3. To expose the laboratory rock bed to a periodic temperature 
variation simulating that from a typical flat-plate collector and to 
compare the measured temperature at discharge with that predicted by 
the mathematical model. 
4. To make measurements of the pressure drop in the laboratory 
rock bed storage, 
5. To present a design procedure for a full-scale rock bed that 
might be associated with a solar-heated livestock building. 
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LITERATURE REVIEW 
Thermal Behavior of Packed Bed Storage System 
Interest has focused on the utilization of air-rock or gravel packed 
beds for heating or cooling a fluid by passing a stream of air through it. 
One of the earliest analysis of a packed bed energy storage system was 
developed by Schumann (1929). Mathematical expressions for the temper­
ature distribution in the gravel and in the fluid have been derived as 
a function of time and gravel packed bed height. Schumann's model was 
performed on each of the fluid and solid phases yielding two coupled 
partial differential equations, two-phase linear models. The two energy 
balance equations which explained the transfer of heat were 
for fluid phase: 
8Tf 3T^ 
A Pf Cf e = -Mf Cf + hy A (Tg - T^) [ij 
3t 9x 
for solid phase: 
3Ts 
A pg Cg (1 - e) - hy A (Tj: - Tg) [ 2 }  
at  
In Schumann's two phase model, several assumptions were made. 
The transfer of heat by conduction in the fluid itself or in the solid 
itself was small and was neglected. In addition, the thermal losses to 
the environment were zero, adiabatic prism. The thermal constants were 
independent of the temperature. Yagi et al. (I960) studied by 
measuring the axial temperature gradient at steady state, the axial 
and radial effective thermal conductivities of a packed bed which 
5  
contained broken pieces of limestone with average diameters of 1.3 mm, 
2.0 mm, and 3.4 mm. By plotting the modified Reynolds number versus 
the ratio of the axial effective thermal conductivity and molecular of 
thermal conductivity of fluid, the slope of the relationship represents 
a coefficient equal to 0.80 for limestone. This coefficient has a 
value larger than the coefficient of the radial effective thermal con­
ductivity of 0.1 to 0.3. The conclusion of this study explained that 
the extent of the increase of axial effective thermal conductivity with 
the increase of flow rate was larger than that of radial conductivity. 
Littman and Sliva (1970) modified Schumann's model to be appli­
cable in the region of small Reynolds number. A term accounting for 
axial heat conduction in the bed was included. Analysis of their 
frequency response measurements yielded the following one dimensional, 
two phase model 
for fluid model : 
aTf 9Tf 
£ prcf = -AfCf + ha (Ts - Tf) [3] 
at  ax  
for sol id model ; 
aTg a^Tg 
(1 - e)pgCg = ha CTf - Tg) + (l - e) Kg [4] 
at  ax  
Hughes et al. (1976) developed a thermal model to simulate 
solar heating systems where air is the transfer fluid. The model was a 
packed gravel bed energy storage system. He used the approach suggested 
by Jefferson, a modified number of transfer units, NTLI^. This 
6  
modification accounts for temperature gradient in the gravel and axial 
conduction. The value of NTU^ was estimated using the relation pro­
posed by Jefferson. In that analysis, the assumption of zero thermal 
losses to the environment was eliminated by including an energy loss 
term in the two phase models which becomes 
for ai r model : 
8Tf 
Mf Cf —— = MfCf NTUc (T3 - Tf) + U P L - T^) [5] 
3 (x/L) 
for sol id model ; 
= NTU; CTf - T,) [6] 
3  ( t /T )  
where 
T = Ps Cg (1 - e) A L/Mf c^ 
L CPe)(NTU) 
NTU- = [8] 
D CNTU) + L CPe) 0 + BÎ/.5) 
The results showed that the system performance of solar collector and 
storage sizes, and collector mass flow rates were insensitive to values 
of NTU^ greater than ten. 
Schmidt and Szego (1976) studied the transient response of a solid 
sensible heat storage system which was composed of a number of rectan­
gular cross-sectional channels for the flowing fluid, connected in 
parallel and separated by the heat storage material. The equations 
which govern the transient response of the storage unit are the 
one dimensional conservation of energy equations for the moving fluid 
and the transient two dimensional heat conduction equation for the 
storage material. The governing differential equations were 
moving fluid: 
These two equations were solved by using finite difference tech­
niques. Their analysis indicated that the results for both the fluid 
outlet temperature and the percentage of the maximum heat stored can 
be expressed in terms of Fourier number, Fo, Blot number, Bi, and 
G+ » W 
— , where G+ = PK/Mf Cf and V+ = — . A set of curves were presented 
V+ 
to describe the dimensionless parameters which characterized the 
transient behavior. 
Riaz (1977) presented a simple one dimensional single phase 
conductivity model for transient analysis of a packed bed which accounts 
for the fluid convective motion, the air-rock heat transfer, axial bed 
conduction, and internal particle conduction in which air and rock are 
at the same temperature. The model was: 
storage material : 
1 BTg 32Ts a^Ts 
a 3t 3x2 3y2 
IlOj 
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where 
V = Va Pa Cg/Ps Cg [12] 
and 
as = kg/pgCs [13] 
From this equation, if the conduction term is zero (a = 0),the equation 
is reduced to the convection motion of thermal wave traveling at the re­
duced velocity, v. By comparing this model with the two phase Schumann 
model, Riaz noted that the results for both models almost coincide for 
sufficiently large values of dimensionless time (t > 10); for small t, 
the agreement is within 10%. He recommended, for the step response of 
time varying înlet temperature, that the combined effects of axial con­
ductivity and air rock heat transfer be incorporated in both models. 
The equivalent relationships were 
for Schumann's model: 
I 1 Kc 
- — + 2" [14] 
hen hy (Vg P3 Cg) 
for single phase model: 
(v 0 C 
% = ^  \ [151 
v 
He concluded that the characteristics of the step response are presented 
in the form of generalized plots portraying the time space profile of 
the thermal waves. These curves represent so called thermoclines used 
for preliminary design purposes and for estimating the dynamic performance 
of packed bed storage systems. 
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D. Vortmeyer and R. J, Schaefer (1974) derived a one-phase 
model from a two-phase model for an adiabatic packed bed through which 
a gas is flowing without assuming that the solid and gas temperatures are 
equal. A relationship between the axial effective thermal conductivity 
in the one-phase model and the heat transfer coefficient in the two-
3^Tf 3^T phase model was obtained. By assuming L= L , they obtained a 
3x^ 9x2 
mathematical equation for the one-phase model as follows: 
STg / m^ c^ \ 9Ts 
(1 - e ) p s  C P g  = |Xo + ) — - mx Cr: [16] 
3 t  \  h a /  B x ^  9 x  
which is mathematically identical to the one-phase energy balance as 
fo11ows: 
BTS 3^TS 3TF 
(1 - e)p cp = X —-m.c. [17] 
s s 3t 3x2 T T 3x 
Comparing the above two equations, it is shown that the axial 
effective thermal conductivity could be presented by the following 
formula: 
'ax =  ^  "8, 
Eshleman et al. (1977) developed a numerical model of heat transfer 
in rock beds. Their two phase models were not concerned about the tem­
perature gradients within the spheres. For the air model, the sum of 
the energy transferred into the bed plus the energy absorbed by the solid 
1 0  
was equal to the energy outflow that was 
aTg 3Ta 
e p c dx = -ha (T  -  T)dx-ep c dxv. [ 19] 
a a 9t = ^ ^ ' 3x 
where 
3x 
V.  =»  —  
'  a t  
[201 
This equation is a partial differential equation in time and space 
for the temperature wave front in the moving fluid. For the solid, the 
partial differential equation in time and space governing his solution was 
9Ts 
(1 - e) p c dx h a CT - T ) dx [21] 
s s at as 
By appropriate boundary condition, they made these two equations solvable, 
Fujii (1977) performed a theoretical analysis concerning the 
behavior of heat storage capacity in pebbles and spheres which were 
exposed to a fluid with a periodic temperature variation. The 
temperature oscillations were assumed to be three kinds of periodic 
functions with respect to time: these periodic functions were square, 
trapezoidal and sine waves. Duhamel's theorem was considered in this 
study. It was concluded that the trapezoidal heating is the most 
suitable one of the three periodic functions in the efficiency of heat 
transfer. in addition, Fujii investigated the effect of Blot number 
on the heat storage capacity. The results showed that as Biot number 
decreases, the number of cycles to reach the quasi-steady state 
increases. He also observed that time lag in the temperature 
1 1  
oscillations decrease for large Biot number. Furthermore, there was 
no significant difference between Bi = 10 and Bi = °o. Hence, the 
further augmentation of heat storage would not be expected for Bi > 10. 
Lof and Hawley (1948) experimentally investigated the unsteady 
state convective heat transfer coefficients between the air and a bed 
of granite gravel. The gravel equivalent spherical diameter ranged 
between 0.493 and 1.312 in. The heated airflow rates through the 
packing material were between 12 and 66 standard cu ft per minute per 
square foot of empty cross sectional area of packed bed. The inlet air 
temperatures were designated between 100° and 250*F, time step variation 
temperature. Normal fraction of voids were between 42.6% to 45.4%. The 
result of this study led to the following important correlation: 
/ G \ 0-7 
h^-O.yg/—) 122] 
where is the particle equivalent spherical diameter in feet. It has 
been defined as: 
6_ (net volume of particles) [23] 
IT (number of particles) 
They concluded that the change of inlet air temperature had no effect 
on the volumetric heat transfer coefficient. 
Vortmeyer and Schaefer (1974) derived a one phase model equation 
from the two phase model to determine the heat transfer coefficient 
between the gas and the solid. They found that: 
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6 (Re)(Pr) = —(Re^)(Pr )— 
6 (1 - e)(.Nu) 
By using the experimental results of Yagi et al. (i960) and assuming 
that the bed of spheres having a void fraction equal to 0.40, three 
equations were developed evaluating the heat transfer coefficient 
at different ranges of Reynolds numbers. The relationships were : 
Nu = 0.89 (Re)°*'*^ 0.6 < Re < 13 [25] 
Nu = 1.75 (Re)°'^^(Pr)^^^ 13 < Re < 180 [26] 
Nu = 1.03 (Re)°*^^(Pr)'^^ Re > 180 [2?] 
Eshleman et al. (1977) developed a method for determining bed con-
vective heat transfer coefficients for input data reliability. The 
results of Lof and Hawley were reduced to a relationship between Nussult 
VS Reynolds numbers: 
Nu = c(Re)^ [28] 
For different size rocks, they found that the values for c were almost 
equal, but there were significant differences in the values of y. This 
variation could have been due to the value of the ratio of contact sur­
face area to bed volume. A linear regression was performed on rock 
diameter, d, and the power of Reynolds number, y. The c's were averaged 
for diameters in the range of 7.98 to 33.3 mm. 
h = -  (0 . 2 4 )  ( R e )  ('00534 d + 0.627) [29] 
d 
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Based on Schumann's model, the behavior of energy stored and 
released in a packed bed thermal storage system can be described by 
no more than two differential equations. The model can be divided 
into an air phase and a solid phase. For the air phase model, most 
investigators ignore the thermal capacity of air since it is much 
smaller than that of the solid phase. The axial conductivity of air 
can be neglected since the thermal conductivity of air is 0.01472 
Btu/hr"ft'°F at normal temperature. Most of the previous analysis 
have considered the packed bed system as adiabatic. 
For the solid phase model, the axial conduction may be neglected 
if the Reynoldsnumber is large compared to the temperature distribution 
within the solid. By applying appropriate initial and boundary con­
ditions, these equations can be solved numerically. Most of these 
solutions assumed that the inlet air temperature is constant or a 
step function. Little work has been done to study the dynamic equi­
librium behavior of air-rock storage system in which the inlet air 
temperature is changing periodically, sinusoidal, as a function of time. 
Energy Loss of Granular Solids to Fluid Flow 
Extensive work has been done in fluid flow through granular solid 
beds. All of these studies have been empirical. The flow of fluid 
through porous media was investigated by D'Arcy, 1856, as cited in 
Schneidegger (1957). He concluded that the rate of water flow through 
a sand bed was proportional to the pressure drop through the bed. 
His equation was as follows: 
\ k  
AP 
l30l 
L 
where K represents the most useful property of a porous medium, the co­
efficient of permeability. This equation has been used extensively 
to describe the flow behavior of the viscous fluid through granular 
solids. Poiseui1 le (1846) derived an equation for an incompressible, 
viscous, homogeneous fluid through a circular capillary. Poiseuilie's 
Law may be written as: 
where V is the actual velocity in the channel. 
The flow through a granular solids bed may be expressed by the 
series of capillary channels. Where particle size is included, the 
equation becomes: 
Dupuit (.1863) compensated for the lower apparent velocity in the 
packed bed, compared to the actual velocity, by assuming that the porosity 
was constant throughout the packed bed. Therefore, V = Vg/e where, e 
is the fraction of void volume. D'Arcy's equation may be written in 
the following manner: 
[31] 
following equation, if a bed of granular solids is considered as a 
[32] 
\ y / \ L / 
[33] 
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or 
Vs /AP\ 
T - n r )  134]  
Blake (1922) applying a dimensional analysis technique to study the 
resistance to the fluid flow through a packed bed, obtained the following 
equation of dimensionless groups: 
^AP 
135] Y 
The dimensionless groups are represented by the friction factor and 
designated Reynolds number. Blake assumed that the pressure drop depended 
on the velocity, density and viscosity of the fluid, and the particle 
diameters. This equation neglects the effect of porosity. He replaced 
the dimension particle diameter. Dp, by the mean hydraulic radius, 
m = e/s. He concluded that the Dupuit assumption more realistically 
represented the velocity than D'Arcy's equation. After substituting 
Vg/e for Vg and e/s for Dp, then the dimensionless groups become: 
L P  c3 /Vg p\ 
s 
For Laminar flow, Blake (1922) presented the following equation: 
where K is well-known as Kozeny's constant in the general law of stream­
line motion through granular beds. 
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Furnas (1929) has developed an important equation to study the flow 
of gases through beds of broken solids and the friction wall effect. 
His equation was: 
AP b 
— . p = a (p Vg ) [38] 
where a and b are functions of particle diameters, fraction of void, 
temperature, density and viscosity. For laminar flow, b is 1.0; and 
b is 2.0 for fully developed turbulent flow. Two important conclusions 
were investigated. First, the pressure drop per unit bed height was 
independent of the total bed height. Second, a proportional coefficient 
correction for various column diameter to particle diameter ratio was 
determi ned. 
Carman (1937) provided two equations at low and high flow rates. 
He developed the following equations for laminar and turbulent flow: 
laminar: 
turbulent : 
[40] 
Since the surface area of the particle is difficult to find. Carman used 
the particle diameter, determined by the particle shape factor, T{» , to 
obtain the following equation: 
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AP /w(l - G)\_\ 
[41]  
Ergun (1952) developed a two part equation of fluid flowing through 
porous media. The first part of the equation explained the pressure drop 
of a fluid flowing through granular solids in the viscous range. The 
second part of the equation was in the turbulent range. This form of 
the equation represents both viscous and kinetic energy losses which is 
L P  2 
— Vg + p Vg [42] 
where and K^, are viscous and kinetic coefficients. Ergun (1952) based 
his calculations on a consideration of flow through capillary tubes with 
nitrogen flowing through coke. He concluded that the viscous forces were 
2 3 
proportional to (1 - e) / e and turbulent forces are proportional to 
(1 - e)/e^. The prediction equation for pressure drop was formed as 
[43] 
(1 - e) p 
^3 
where and values obtained were 150 and 1.75, respectively; and Dp 
was the dimensional length which represents the equivalent spherical 
diameter. Ergun used this correlation to determine the fraction of 
voids. 
Pb 
e =  1 [44 ]  
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Wagstaff and Nirmaier (1955) noticed that the and of the Ergun 
equation varied slightly with bulk density. Schriver (I960) found that 
the constant increased with increasing fraction of voids. 
Leva (1949) developed the following equation: 
The wall effect was taken into consideration in the porosity function 
as the average porosity. 
Several investigators realized the effect of fraction of voids in 
the pressure drop of flow across packed bed. The resistance to airflow 
is sensitive to small changes in fraction of voids. Large errors in 
the prediction of pressure drop of flow through a packed bed result from 
small errors in the determination of bed porosity. Tables have been 
developed by investigators to show the effect of porosity for a wide 
range of Reynolds numbers from laminar region to turbulent region. Table 1 
summarizes some of the effects of porosity proposed by investigators. 
By reviewing the literature, it is concluded that the pressure drop 
characteristics for the fluid flow through granular solids bed are con­
trolled by numerous variables. Some of these variables are related to 
the thermo-physical properties of the fluid passing through the packed 
bed, such as density, kinematic viscosity, mass velocity, and gravity 
of fluid. Laminar, transient and turbulent flow also affect the value 
of the friction factor. Some variables are related to the geometrical 
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characteristics of the packing materials such as particle diameter, 
shape factor, surface roughness, surface area, fractional effective void, 
and orientation. Other variables are related to the configuration of 
the unit such as packing bed dimensions such as diameter and length and 
percent of opening in supporting screen. 
In spite of these variables, there is no actual theoretical equation 
that includes these variables. Most of the equations in this field are 
empirical and semi-empirical. It is important to indicate that most of 
the researchers were trying to decrease the number of variables to a 
friction factor, or to a modified friction factor that includes the most 
important variables such as fraction of voids and particle shape. 
Table 1. The effect of proposed porosity function on pressure drop for wide range of Reynolds 
number 
Authority® Laminar Transition Turbulent Remarks 
SIichter e")- 3.3 
Kruger e - 1.0 
Zunker (1 - e)^/E 
Terzaghi (1 - e)l/3 
^-0.13 
Kozeny 
Blake 
Carman 
Fair and Hatch 
(1 - e)^ (1 - (1 - e) 
n = 1 laminar flow 
n = 2 turbulent flow 
n not given for transition 
region 
Rose 
(1 - e)^+0.0l8 
Leva 
(1 - e)^ (1 - (1 - e) n = 1 laminar flow 
n = 2 turbulent flow 
n given as a function of Re 
Ergun 
(1 - e)^ Sum of laminar 
and turbulent 
pressure drop 
(1 - e) Gives results as sum of 
both laminar and turbulent 
effects 
This part of table is from Rose (1951). 
E is the voids fraction. 
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EQUIPMENT AND TEST PROCEDURE 
This chapter contains a detailed description of all equipment and 
measuring instruments and a comprehensive presentation of test procedure 
to obtain the objectives of this investigation. Two groups of experiments 
were involved in this study. The first group of experiments was testing 
the thermal performance and the mathematical model developed in the next 
chapter of energy stored in a rock bed storage system. The second group 
of experiments involved the energy loss of airflow through the air-rock 
thermal storage system and the fan power input for system optimization. 
Test Equipment 
Figure 1 shows the apparatus of the thermal system components used 
in this study. A photograph of the components is presented in Figure 2. 
The main equipment for this study consisted of an air-rock storage 
system, electrical heater with temperature control and piping with means 
for measuring the air flow rates. 
The air-rock storage system consisted of a rock bed, inlet plenum 
chamber and outlet plenum chamber. The packed bed was constructed of 
3/4 in. plywood with inside cross section dimensions of 12 in. x 12 in. 
X 48 in. high. From these dimensions, the estimated packed bed volume 
was 6,912 cu in, (4 cu ft). The sidewalls were sealed to prevent air 
leakage. The wall corners were strengthened by 6 in. x 6 in. angle 
irons. The packed bed was insulated from the environment with 1-1/2 in. 
of mineral wool, 4-1/2 in. of polystrene and two layers of 3/4 in. ply­
wood. The thermo-physical properties of these materials are indicated 
in Appendix B. The inlet packed bed opening was constructed from 
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Figure 1. A diagrammatic sketch of air-rock thermal storage system components 
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Figure 2. A photograph of air-rock thermal storage system components 
perforated sheet metal having holes punched with a triangular pitch. The 
dimensions of the perforated sheets were: hole diameter, 1/2 in.; hole 
pitch, 11/16 in.; and sheet thickness, 1/8 in. The perforated sheet 
was installed on a 25-1/2 in. x 25-1/2 in. wooden sheet which was con­
structed and installed on the main frame. The rock bed was emptied 
through a 4 In. x 4 in. square hole designed in one of the sidewalls. 
To reduce the dynamic air velocity, the air inlet plenum chamber 
was constructed of 3/4 in. plywood with an inside cross section of 
12 in. X 12 In. x 24 in. high. Each side was Insulated by 3 In. polysty­
rene Insulation. The section prior to the packed bed was of the same 
dimensions as the packed bed to maintain a uniform velocity across the 
packed bed. A 2^1/2 In. diameter hole was drilled on the center of one 
of the sidewalls. It was used for minimizing the fluctuation of air 
temperatures around the average. 
An outlet air plenum chamber was constructed at the upper end of 
the packed bed. It was made from 3/4 in. plywood with 3/4 in. polystyrene 
Insulation. At the top end, a flange with 6 in. Inside diameter was 
Installed. The dimensions were: width, 12 in.; length, 12 in.; and 
depth, 24 in. 
The two air plenum chambers were Installed on the bottom and the 
top edges of the packed bed. Two inch wide duct tape and silicone 
rubber were used for sealing the joint connections. 
The temperature controller included three main electronic modules 
Figure 3. Output from the controllers regulated three 1.3 KW resis­
tance heaters connected in wye. Because a wide range of voltages 
Figure 3. Block diagram of the solid-state, three-phase temperature controller 
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existed in the system, ranging from single voltage of 8 V to 208 V 
3 ph AC, signals from one module to the next were transmitted through 
optical couplers. The thermistor was a Yellow Springs instrument Com­
pany YS 144201. This has a linear change of resistance with temperature 
over the range of 0 to 100°C. The first module in the controller was 
a differential amplifier connected as a comparator to sense the dif­
ference in potential across the thermistor and the controlling potenti­
ometer. When the voltage across the thermistor exceeded the voltage 
across the potentiometer, which was an indication that the thermistor 
temperature was below the set point, the output from the differential 
amplifier energized the optical coupler. 
The zero-voltage starting module then switched phases 1 and 2 as 
if the pair of phases formed one single phase. This starting circuit 
was chosen to minimize radio frequency interference (RFI), After 
phases 1 and 2 were switched initially, phase 3 was switched by its 
zero-voltage switch when the potential between phase 3 and the common 
point of the wye becomes zero. During subsequent cycles, all three 
phases were switched at their local zero potential relative to the wye 
common point. The loads to the resistance heaters (1.3 KW) were matched 
to the integrated circuit zero voltage switches (RCA CA3059), The 
complete electrical schematic for the controller is shown in Figure 4. 
This controller was developed from a design by RCA (RCA Solid State 
Division, 1975). 
Because the thermistor element was linear, the angular position of 
the shaft on the controlling potentiometer (linear taper) was also 
, vv—— 4 
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Figure k. Complete electrical schematic of three-phase thermostat for the 
temperature controller 
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linear relative to temperature. The potentiometer was driven by a 
capstan and cam follower arrangement. Figure 5. The cam was driven 
by a synchronous clock motor at 0.25 r/hr (1/2 rad/hr). Two cams 
were prepared; the first one gave a sinusoidal variation in tem­
perature with a designed average temperature of k5°C (113°F) and 
an amplitude of 25°C (45°F). The second cam was cut out to mimic 
the temperature output from a solar collector using terms up to the 
third harmonic in a discrete Fourier series (Hamming, 1973). This 
cam was also designed to vary the temperature 50°C (90°F). 
The temperature controller was tested in a stirred water bath. 
The temperature of the bath was held within ± 0.2°C of the set point. 
Temperature control was not as good for the air heater because the 
thermal mass of the heating elements caused some overshoot. This was 
minimized by exposing the naked bead of the thermistor to the airstream. 
The piping system consisted of a vacuum fan, plastic pipe, barrel 
and auxiliary air circulation pipes. 
A vacuum fan with the electric motor was used to force air 
through a 2 in. diameter orifice. Flow was varied by controlling the 
fan speed using the variable transformer which could supply any voltage 
from 0 to the fated fan voltage, 120 V. This fan produced a flow of 
100 cfm at a pressure of 55 in. water at standard conditions. 
A 122 in. long pipe of 6 in. inside diameter made of plastic con­
nected with a 21 in. long pipe made of galvanized metal, was used 
between the fan and the electric heater. A Zh in. plastic pipe was 
connected between the fan and the outside barrel. The length of the 
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Figure 5. Mechanical details of the capstan and cam drive used to move the controlling 
potentiometer of the temperature controller 
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pipe was essential to provide a fully developed air velocity distribution 
inside the pipe in order to accurately measure the air flow rate with 
an orifice. 
A cylindrical barrel with a 1.5 in. orifice was used for measuring 
the air flow rate coming from the atmospheric environment. The approx­
imate dimensions of the barrel were: diameter, 24 in.; length, 35 in. 
An auxiliary air circulation pipe connected between the inlet 
plenum chamber and the heater entrance was constructed. The reason was 
to minimize the airstream fluctuating temperature around the average 
before the heated air passed through the roc It bed. It consisted of a 
centrifugal fan which has the following specifications: Model BL80, 
RPM 3050, 0.70 amp and 110 V. An auxiliary 2 in. to 3 in. plastic pipe 
was used. 
Instrumentation 
Airflow rate measurements 
A set of two thin MÎStSi pi a ted ori f  iCSS WS5 ï l îôch i  Tied âPiu the 5u T ^  
face ground to permit measurements of airflow rates by measuring the 
pressure drop across these orifices. The first orifice was constructed 
at the center of the barrel with a diameter of 1-1/2 in. A pressure 
tap was located at a distance of approximately 1 in. from the orifice 
surface. 
The barrel-orifice was calibrated by using a standard nozzle flow 
with a Mari am manometer model (AOHE35) for measuring the pressure head 
and an inclined and vertical manometer for measuring the pressure drop 
across the orifice. The calibration results are indicated in Appendix C. 
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The second orifice was located inside the plastic pipe at a 
distance of 41 in. from the fan. The orifice diameter was 2-1/2 in. 
Two pressure taps were located at distances from the orifice recommended 
by Marks (1978) and Parker et al (1977). The upstream pressure tap 
was located at a distance equivalent to the pipe diameter from the 
orifice and the downstream pressure tap was located at a distance 1/2 
of the pipe diameter. The pipe-orifice was also calibrated by the same 
method discussed previously. The calibration was done in the Engineering 
Mechanics Hydraulic Lab at ISU. Appendix C shows the calibration graphs. 
The values of air flowrates measured by these two orifice meters showed 
that there was a small error equivalent to 5%. So, the average of the 
two readings of airflow rates was taken to minimize the error in the 
airflow rate measurements. 
Pressure measurements 
The pressure measuring system consisted of three manometers. The 
pressure drops across the two orifices were measured by an inclined or 
vertical scale manometer. The minor scale divisions and ranges in inches 
water for inclined section were 0,01 and 0-1, respectively; for vertical 
section, 0,10 and 1 - 10, respectively. The pressure drop across the 
fan was measured by using a magnehelic differential pressure gauge. The 
range of the metric scale was 0 - 20 cm water with minor divisions of 
1/2 cm water. The pressure drop across the packed bed and the static 
pressures at different locations in the air-rock storage device were 
measured by using a magnehelic differential pressure gauge with a metric 
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scale of 0 - 2 cm water and a minor division of 0.05 cm. Above these 
ranges, the pressures were measured by an inclined or vertical manometer. 
The static pressures of air at different locations inside the rock 
bed were measured by inserting plexiglas pipes and fittings at the in­
side surface of one of the rock bed sidewalls. The plexiglas pipe 
dimensions were 1/4 in. and 1/8 in. outside and inside diameters, 
respectively. The static holes were drilled by a 1/32 in. drill bit. 
The locations of these static holes were at a height of 1 in., 12 in., 
36 in. and 48 in. above the supported screen. 
Temperature measurements 
The temperatures of the flowing air through the packed bed, the 
surface and core of the limestone were measured at certain interval times 
and at several locations. These temperatures were measured by means of 
copper-constantan thermocouples. At each location, three thermocouples 
were positioned at the center of the horizontal plane of the rock bed 
for measuring the air temperature, the surface and the centcr cf the 
packed material, limestone. A plexiglas pipe with an outside diameter 
of 1/2 in. and an inside diameter of 3/8 in. was inserted longitudinally 
in the center of the rock bed. At five locations in the plexiglas 
pipe, three holes were drilled in each where three.thermocouples were 
located. The volume of the plexiglas pipe represented 0.136% of the 
total rock bed volume. This value was considered insignificant. Air 
temperatures were measured at the inlet and outlet of the rock bed, 
across the fan and the ambient air with a rotary thermocouple 24 
position selector switch. A digital readout indicator was used with 
the thermocouples for temperature readings in degree Celsius. 
Weight measurements 
Limestone was weighed by using a Fair-Banks Morse and Corporation 
scale. The scale arm had a 100 lb scale with an accuracy of 1/2 lb. 
The maximum capacity was 1,000 lbs. by adding additional weights. A 
triple beam balance with an accuracy of 1/10 g was used for the limestone 
density determination. 
Electrical power measurements 
The power input, W, for the rotated fan was measured by using a 
portable, single phase watt meter, Yokogawa type 2041. It was designed 
to measure the electrical power of DC or AC with a high accuracy. The 
scale was almost equally graduated into 120 divisions. 
Test Procedures 
Tests were designed into tv.-o groups of experîmerits. The first 
group was concerned with studying the dynamic response of sensible heat 
storage capacity in rocks, limestone, in which the inlet air temperature 
oscillations to the rock bed were generated from the discharge air 
temperatures of a simulated air type flat plate solar collector. The 
second group of experiments involved studying the pressure drop, energy 
loss, air passage through the rock bed and the fan energy used for 
optimization of the rock bed storage system. 
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Dynamic response of heat storage capacity 
Before a test was made on limestone of a particular size, several 
of its physical properties were determined. The equivalent spherical 
diameter of the particles, the true and apparent densities of the 
material, and the fraction of void in the bed were all measured by 
simple determination. To determine the solid density of the crushed 
limestone, five samples from each size were tested. A container of a 
known volume was filled with each sample by counting the number of 
particles. The sample was weighed and was dropped in the container 
before the container was filled with water. The net volume of the 
sample particles, in cu cm, was measured. So, the true value of 
limestone density, Pg, was calculated. The equivalent spherical 
diameter of the particles. Dp, in cm, was calculated by using the 
following formula suggested by Lof and Hawley (1948): 
Q _ net volume of part ides \ 
^ \ IT number of particles j 
The average of the five samples of each size was considered. The 
fraction of voids (porosity), e, was calculated by using the relation­
ship between the porosity and limestone bulk density, p|^, which is 
given by the following equation: 
e => 1 - — [47] 
Ps 
The bulk density of the limestone was calculated from the volume of 
the rock bed and the weight of the ITmestone filling the bed volume. 
The true density, p^, of the limestone was taken from the average of 
the 15 samples of the three particle sTzes. 
The crushed limestone, as received, was separated into three 
different sizes by using designed sieves. The three sieves with square 
opening dimensions were 1 in. x 1 in., diagonal length of 1.4l in,; 
1-1/4 in. X 1-1/4 in., diagonal length of 1.768 in.; and 2 in. x 2 in., 
diagonal length of 2.828 in. The first, second and third limestone 
sizes were passed from sieve dimensions of 1 in. x 1 in., 1-1/4 in. x 
1-1/4 in., and 2 in. x 2 in., respectively. The equivalent spherical 
diameter of the three sizes were O.O676 ft, 0.0920 ft, and 0.1293 ft, 
respectively. The particles of each size were dropped into the air-
rock storage device from approximately 1 in. to 2 in. high to maintain 
space volume between particles within very close limits. Moreover, 
different fractions of voids could be obtained. 
Three runs of air flow rates were conducted for each particle size 
at the normal drop. The designed air flow rates were approximately 18 
cu ft, 27 cu ft, and 36 cu ft per minute per square foot of total cross 
sectional area of rock bed. Corresponding superficial velocities were 
18, 27, and 36 ft per minute. 
An experiment was run for each size of equivalent spherical diameter 
testing the void fraction effect on thermal energy stored. Twenty-seven 
cfm was used as the average of the above three air flow rates. Different 
percentages of voids were obtained by tapping and vibrating the aîr-rock 
storage wall surfaces. Then, additional limestone was added to fill the 
empty volume which resulted from the tapping. Voids fractions obtained 
for particle equivalent diameters of O.O676 ft, 0.092 ft, and 0.1293 ft 
were 45.96 and 43.28, 45.37 and 43.35, and 45 76 and 44.06 percents, 
respectively. 
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As soon as the air passed through the rock bed, temperature 
measurements of air, rock surface, and rock core were recorded at five 
levels in the rock bed. These five levels were located at different 
heights above the base, 1 in., 12 in., 24 in., 36 in., and 4? in. 
Temperatures were measured at the rock bed inlet and rock bed outlet. 
The measurements were taken at time intervals of 20 minutes. When the 
temperature of the exit air had reached the steady state condition, the 
run was discontinued. Test times were varied starting from 20 hr 
experiments to 10 hr experiments. All the runs were timed over the 
nights so that the variation of the atmospheric air temperature was 
small in range. Before running any test, all equipment and measuring 
instruments were checked to ensure the correct operation. Appendix A 
contains all the experimental data. 
Air resistance through limestone bed and fan power 
Pressure drop measurements were taken at air flow rates of approxi­
mately i 3 to 86 cfm/ft" of the rock bed cross section. The order in 
which measurements were taken was completely random and related to the 
pressure drop manometer scales. Flow rates were corrected for ambient 
temperature and barometric pressure. Air flow rates were measured and 
calculated as the average of the sum of pressure drop at the barrel 
orifice and the pressure drop across the pipe orifice readings. Sixteen 
sets of pressure drop measurements have been recorded for air flow rate 
determinations. 
As indicated previously, three sizes of particles were 
selected for this test. The equivalent spherical diameters of the 
three particle sizes were O.O676 ft, 0.0920 ft, and 0.1293 ft, 
respectively. For each size, different voids fractions were 
established randomly since the porosity has long been recognized as 
the most important variable affecting the pressure drop in a rock bed. 
Voids fractions were: 45,96%, 43.28% and 41,83% for small particle 
sizes; 45-37%, 43-35% and 42.26% for medium particle sizes; and 45,76%, 
44.06% and 43.22% for large particle sizes. The following measurements 
were transduced and recorded : 
1. Pressure drops of air across both barrel and pipe orifices 
2. Pressure drops of air across the rock bed 
3. Static pressures of air at the rock bed inlet and at different 
heights in the rock bed 
4. Ambient air dry and wet bulb temperatures. 
According to the above test procedure, fan characteristic perform­
ance and the power used for the operation were established. The volume 
flow rate handled by the fan expressed the fan inlet conditions. The 
fan total pressure is expressed as the fan total pressure at the outlet 
minus the fan total pressure at the inlet. This represented the pressure 
drop of air across the fan. The fan efficiency represents the ratio 
of power output to power input. 
To study the fan power used, the following measurements were 
conducted : 
1. Upstream - downstream air temperatures across the fan 
2. Fan static pressure at the exit 
3. Air pressure drop across the fan. 
Appendix A presents all the data conducted by the tests for this 
analysis. 
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PREDICTING THE TEMPERATURE DISTRIBUTION OF AIR IN AN AIR-ROCK BED 
One Phase Prediction Model 
To predict the temperature distribution of air passing through 
the crushed limestone, a mathematical expression was derived from 
the fundamentals of heat and mass transfer phenomena. 
The following assumptions were made in this work: 
1) Constant fluid and material physical and thermal properties. 
2) Uniform heat transfer coefficient. 
3) Constant fluid mean velocity. 
4) Radial and axial heat transfer for air and solid were neglected. 
5) No chemical reaction. 
6) No mass transfer. 
7) The temperature gradients within the solid may be neglected. 
Consider a packed bed with a cross section area. A, and length, L. 
The plane of the cross section is divided into the area of fluid, A^, 
and area of solid, A^, because the fraction of voids affects the heat 
capacity of the bed. The fraction of voids is defined as the ratio of 
the fluid area, A^, to the total area of fluid and solid, A^ + A^, at 
the cross section of rock bed, as follows: 
FOV = A^/(Af + Ag) [48] 
In this analytical solution, an element with length AX is considered as 
indicated in Figure 6. A. is the interface area through which heat 
passes per unit of bed length, ft^/ft. The fluid superficial velocity 
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ax 
Figure é. A segment of the mathematical model 
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through the bed, v^» can be determined by the following equation since 
the fluid takes a time, At, to move through a differential segment of 
the bed, AX : 
Vg =q/A^ = 6X/6t [49] 
where q is the airflow per unit time. 
Three fundamental heat equations can be written to explain the 
heat exchange between the air and solids in the elemental volume 
(A^ + Ag) AX. 
1) The energy equation for a fluid moving a distance AX through 
the segment with inlet fluid temperature, T^, and outlet fluid stream 
temperature, T^ + AT^ can be presented by the following equation: 
Qf = Cqp^c^) AT^ [50] 
where is the heat gained by the fluid, BTU/hr 
p^ is the average fluid density, Ib/ft^ 
c^ is the specific heat of fluid, BTU/lb-®F 
2) The energy gain or loss to or from the solid is proportional to 
the solid volume, the physical and thermal properties of the solid, and 
the change in the solid temperature over time Interval At. This energy 
equation can be written as: 
Qg = 'Ag • AX • • c^ • ATg/At l5lj 
where is the solid heat loss, BTU/hr 
Pg is the solid density, Ib/ft^ 
Cg is the solid specific heat, BTU/lb'*F 
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3) The exchange of heat between the fluid and the sol Id gt the 
interface area is taken to be proportional to the interface grea, Aj, 
and also, to be proportional to the temperature difference. The energy-
transfer equation can be written as: 
q = U , A. . AX , (Tg - T^) I52] 
where Q is the rate of heat transferred, BTU/hr 
9 
U is the convective heat transfer coefficient, BTU/hr'ft «*F 
A. is the interface area between fluid and solid per unit bed 
length, ft^/ft 
Tg is the solid temperature, "F 
Tj. is the fluid temperature, "F 
The convective hegt transfer coefficient may be obtained by applying 
the following formula; 
U = hyCAf + Ag)/A. 153] 
where h is the volumetric heat transfer coefficient. BTU/hrFi 
Given the stated assumptions, these three energy equations describe 
the exchange of hegt between fluid and solid. Because Q., 
these quantities may be eliminated between these three equations giving 
the following two equations; 
for the fluid; 
qp^c^ûT^ = UA. &X CT^- T^l 154] 
Rearranging the above equation to be. 
q c^ AT^/AX = U A J Tg - U A J T^ 155] 
43 
whenever AX -»• 0, a first partial differential equation can be presented 
as : 
q + U A. -  U Aj [56] !L^  
8x 
for the sol id: 
-  Ag A X  Pg Cg ATg / A t  = U A; A X  (T^ -  T^) [57] 
Rearranging the above equation to be 
- Ag AX Pg c^ ATg/At = U A; AX - U A; AX [58] 
as At 0, the second partial differential equation can be presented as 
follows: . 
• "s s ^  + U Aj T, = U A, [59] 
Eliminating the solid temperature, T^, is the target of the next 
part of this analysis. Now, equation 56 is differentiated with respect 
to the time, t, to obtain: 
a^Tf 9Tf ais 
(q Pc Cf) + (U Ay) = (U A;) [60] 
9x3t at 9t 
Multiplying equation 60 by A^ p^ c^/U A. leads to the following equation: 
( A  p  c ) ( q  p  c ) 3^Tf ZTf STg 
+ (A p c ) = A p c [61] 
U AI 3x31 3t 3t 
By combining equations 56, 59, and 61, the solid temperature, , 
may be eliminated leading to: 
\ (r, » . - sZT- 'ST _ 
[62] 9 T f  ( A s  P s  C s ) ( q  p f  C f )  3 ^ T f  9 T f  q p^ c_ + + A p c 0 
3x U A. 3x3t ® 9t 
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This equation was derived and solved analytically for a step input 
function by Schumann (1929), His solutions were presented as a series 
of curves. 
The above equation is a partial differential equation for the air 
temperature at any position and at any time in the rock bed. 
If the assumptions listed previously are valid and equation 62 is 
a realistic representation of the air temperature in a rock bed, then 
various solutions to this equation can be considered, (n general, pre­
diction of the exhaust air temperature from a rock bed would have to be 
approached by some form of numerical solution using a computer, for 
example,see papers by Bair and Gaffney (1976) and Eshleman et al. (1977), 
There are some areas in the world, however, where several days in 
succession are clear and the temperature at the exhaust from a solar 
collector may be treated as a periodic function with a periodic time 
of 24 hrs. Any standard mathematics text shows that a periodic function 
can often be represented by the sum of a series cosine and sine terms* 
Wylie (1975), that is by Fourier analysis. Consequently, it is of 
some interest to examine the solution of equation 62 when the input 
temperature varies sinusoidally for many consecutive periods. tn other 
words, to ignore the transient response and concentrate upon the 
periodic response to a sinusoidal forcing function. 
Rewriting equation 62 as: 
9 T f  S ^ T f  3 T r  
C + D + E —- = 0 163] 
Sx dxdt  3 t  
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where: 
C = q Pf 
D = (A^ c^)(q p^ c^)/U A 
s "^s s 
E = *3 Ps S 
[63-a] 
[63-b] 
[63-C] 
Since the input temperature varies sinusoidal1y, mathematically, 
this condition may be presented as the following formula: 
sin 0) t [64] 
where T, 
1 
By comparison with the equation describing an electrical trans­
mission line (Wylie, 1975), then the temperature of the air at any 
point in rock storage at any time after transients have died away might 
be presented by, 
Tf(x,t) = Tj e sin(wt - BX) [65] 
s the fluid temperature at any distance, X, and any time, t 
s the amplitude of the sinusoidal temperature function 
s the angular velocity of sinusoidal temperature variation 
mposed on incoming air temperature 
s any position in the rock bed 
s the time, hour 
s the phase lag, radian per unit length 
is an exponential decay constant per unit length 
The constants A and B may be found by substituting equation 65 into 
equation 63. 
0) 
X 
t 
B 
A 
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-T. A e sin((ot - BX) — T. B e cos((ot - BX) [66] 
3x ' ' 
aT 
= -T, A e 0) cos (ut - BX) — B e (-ai) sin (ut - BX) [67] 
3x3t ' ' 
—ûv 
= T. e oj cos (ut - BX) [68] 
a t  '  
Hence for 
-C A sin(u>t - BX) - C B cos (ait - BX) 
-D A w cos(ut - BX) + D B u sin (ut - BX) [69] 
+ E u cos(ut - BX) = 0 
to be an identity for all x and t,since sin(ut - BX) and cos (wt - BX) if 0, 
then the coefficients of sine and cosine must be zero, so, 
-CA + B u D = 0 [70] 
- C B  + u E - A D u = 0  [71] 
Solving equations 70 and 71 gives the two constants A and B, 
A = uf D E/(u^ + C^) [72] 
B = u C E/(u^ + C^) [73] 
These values for A and B show that the assumed form of solution for 
equation 63, when the forcing function is sinusoidal, is valid. The 
validity of the assumptions made earlier about lack of internal 
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temperature gradients, no radial heat transfer, no axial heat transfer, 
etc. can now be examined by comparing the model, equation 65, with 
experimental results. 
Least Squares Fit to a Sine Curve 
Evaluating the constants A and B from the visual observation of 
the data is not satisfactory. It is necessary to smooth the results 
by curve fitting using the least-squares technique. 
A set of data points exists that are known to vary periodically 
with respect to time. It is assumed that timing starts from some 
arbitrary time 0. If the periodic time is P, then the frequency is 
1/P and the angular velocity oi is 2ii/P, the data will appear as in 
figure 7* If the amplitude of any harmonic may be ignored, the sine-
wave formula that best fits the experimental data is: 
Y = A2 + 82 sin (tot - C2) [74] 
where A2 is the mean value of the best fit curve 
B2 is the amplitude 
C2 is the phase shift 
In figure 8, C2 has a negative value since the data curve lags 
the original Y = sin(x) curve by C2 radian. The above equation is not 
easy to use with both wt and C2 appearing in the same trigonometric 
identity. It can be modified by the following manipulation, 
Y = A2 + (B2 cos C2) sin wt - (82 sin C2) cos wt [75] 
Equation 75 may be written as follows: 
Y = A2 + D2 sin(u)t) + E2 cos(wt) [76] 
PHASE LAG 
ORIGINAL FORCING 
FUNCTION 
\ 
— LEAST-SQUARES FIT CURVE 
(FUNDAMENTAL FREQUENCY ONLY) 
DATA POINTS 
t 
Figure 7- Pred icted data and sine function; p is the period and n is an integer 
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whe re : 
D2 = B2 cos(C2) [77] 
E2 = -B2 sin(C2) [78] 
It is shown by Hamming (1973) that if a period L is divided into 
2N equally spaced parts, then the functions cos K and 
(T  ^^ m) form an orthogonal set so, 
p=2N-l 
S cos 
P=0 
/2-n Lp\ /2w Lp\ 0 K ^  M 
I— K 1 cos I—M —1= N K = M ^ 0, N 
\ L 2N/ \ L 2N/ 2N K = M = 0, N 
with similar relations for sine x cosine and sine x sine products. Thus 
the normal equations for the coefficients resulting from the finite 
Fourier series (i.e., least squares fit of cosine and sine functions 
to discrete points) have a particularly easy solution. Using Hamming's 
notation that, 
Ag * ^ ^ 2-n 2-n A|yj 2-n 
F(x) — — + Z (A,> cos — K X + B„ sin — K x) + — cos — NX [79] 
which is the general form of equation 76, then, 
1 2. 
A. =  -  Z F ( x„) cos — K x K = 0, 1 N [80] 
N P=0 L P 
P=2N-1 
1 2-n 
B,- = — 2 F(x ) sin — Kx K=l,2, ...,N~1 [81] 
N p.O L " 
Tables 2, 3» 4, and 5 show the computer output for the coeffi­
cients A2, D2 and E2 for the set of experiments at different airflow rates. 
Table 2. Least squares fit constants of temperatures (*F) for various air flow rates 
with equivalent spherical diameter and void fraction of O.O676 ft and 45.96%, 
respectively 
AIR FLOW RATES, CFM/SO.FT. 
DISTANCE 
ABOVE BASE 13.61 27.21 35.67 
OF ROCK JEO 
O 
A2 02 52 A2 32 £2 A2 02 E2 
A t  i n l e t  123.612 1.009 -31.642 123.522 -4.231 -44.181 I2b.l55 0.274 -54.072 
A t  12 i n .  h e i g h t  123.365 - 3 9.392 -14.955 123.770 -32. 6 9 5  -22.636 126.425 -31.496 -39.078 
A t  2 4  i n .  h e i g h t  122.810 -22.558 24.652 123.395 -33.071 9.025 125.975 -44,352 -8.304 
A t  3 6  i n .  h e i g h t  1 2 2 . 6 0 ?  16. 4 0 3  17. 0 4 9  1 2 2 . 2 5 5  - 5 . 2 5 4  2 6.590 1 2 5 . 4 0 5  -29. 7 5 6  2 4 . 7 9 3  
A t  4 7  i n .  h e i g h t  1 2 1 . 5 0 5  1 8 . : S 7 5  - 1 . 4 5 7  1 2 1 . 0 9 2  1 1 . 2 5 1  1 9 . 6 5 5  1 2 4 . 5 0 5  - 1 0 . 7 7 1  3 2 . 7 8 6  
A t  o u t l e t  1 1 3 . 2 8 5  1 . 5 9 4  - 1 1 . 3 4 3  1 1 9 . 6 9 2  1 7 . 3 1 9  3 . 6 4 8  1 2 2 . 9 1 5  9 . 5 6 1  2 7 . 7 5 7  
Table 3. Least squares fît constants of temperature (°F) for various air flow rates 
with equivalent spherical diameter and void fraction of 0.0920 ft and 45.37%, 
respectively 
AI« FLOW RATES. CFM/SJ.FT. 
DISTANCE 
ABOVE 8ASE 19.73 27.13 35.02 
OF ROCK 3E0 
A2 02 E2 A2 02 E2 A2 D2 E2 
A t  i n l e t  1 2 3 . 8 3 0  - 5 . 5 0 7  - 4 4 . 2 2 4  1 2 2 . 3 2 5  - 5 . 8 3 4  - 4 2 . 9 7 2  1 2 2 . 8 8 5  4 . 5 2 7  - 4 5 . 9 0 0  
A t  1 2  i n .  h e i g h t  123.597 -31.951 -5.619 122.817 -31.621 -13.647 124.452 -23.386 -33.541 
A t  2 4  i n .  h e i g h t  122.360 -10.732 19.744 122.135 -27.795 11.330 124.707 -33.142 -6.450 
A t  3 6  i n .  h e i g h t  1 2 0 . 6 2 0  1 1 . 4 9 2  7 . 0 3 7  1 2 0 . 4 7 7  - 2 . 1 7 1  2 1 . 9 3 3  1 2 3 . 9 4 2  - 2 0 . 6 9 9  1 9 . 0 4 2  
A t  4 7  i n .  h e i g h t  118.342 3.608 -4.34b 119.472 9.321 14.908 123.042 -7.524 23.769 
A t  o u t l e t  1 1 5 . 3 8 0  4 . 9 6 8  - 7 . 3 8 4  1 1 7 . 3 2 0  1 1 . 3 8 2  1 0 . 2 0 7  1 2 1 . 2 1 2  - 1 . 7 4 3  2 2 . 4 4 1  
Table 4. Least squares fît constants of temperatures (®F) for various air flow rates 
with equivalent spherical diameter and void fraction of 0.1293 ft and 45.76%, 
respectively 
AIR FLOW RATES. CFM/SO.FT. 
DISTANCE 
ABCVE BASÉ 10.85 26.34 35.99 
OF ROCK 3E0 
\si 
A2 02 E2 A2 • 02 E2 A2 02 E2 
At inlet 1 2 2 . 1 2 0  -5.605 -44.247 123.522 -4.728 -43.766 123.590 -4.577 -45.836 
Ac 12 in. height 121.775 -27.154 -5.697 123.222 -28.323 -16.667 122.900 -27.866 -26.173 
At 24 in..height 121.250 -13.072 12.753 122.795 -24.589 5.476 123.117 -31.587 -6.840 
At 36 in. height 1L«.345 5.801 7.*22 121 . 6 1 7  -4.227 1 6 .620 1 2 1 . 0 1 0  -18.476 16.074 
At 4? in. height 117.035 5.546 -0.976 120.515 5.217 11.731 120.290 -6.494 19.495 
At outlet 111.597 2 . 1 1 0  -3.012 116.915 5.970 6.872 117.447 -1.467 16.751 
Table 5. Least squares fît constants of temperatures (®F) for air flow rates 27.00, 
26.61, 27.09 cfm/sq ft with equivalent spherical diameters and void fractions 
of 0.0676 ft, 43.28%, 0.0920 ft, 43.35%, and 0.1293 ft, 44.06%, respectively 
AIR FLOW RATES., CFM/SQ .FT. 
DISTANCE 
ABOVE BASE 27.00 26.61 27.09 
OF ROCK 3E0 
A2 02 E2 A2 02 E2 A2 02 E2 
A t  i n l e t  122.540 -3.442 -43.367 120.095 -6.449 -44.157 123.755 -6.159 -43.52? 
A t  1 2  i n .  h e i g h t  123.560 -3:1. 159 -20.978 1  19.945 -32.595 -17.926 123.605 -29.043 - 1 5.655 
A t  2 4  i n .  h e i g h t  1 2 2 . 7 6 5  - 3 1 . 6 8 3  1 1 . 5 2 3  1 1 3 . « 9 5  - 2 6 . 7 1 2  1 2 . 1 4 0  1 2 3 . 0 8 0  - 2 4 . 3 6 5  6 . 2 0 1  
A t  36 i n .  h e i g h t  121.850 -1.730 26.902 118.445 -2.55b 23.113 '121.999 -3.119 17.378 
A t  4 7  i n .  h e i g h t  120.765 13,412 18.396 117.410 11.767 14.495 121.230 7.547 12.133 
A t  o u t l e t  1 1 8 . 2 6 5  1 7 . 6 0 6  8 . 5 4 4  1 1 6 . 3 7 5  1 5 . 2 6 2  8 . 1 0 4  1 1 9 . 6 6 0  9 . 4 4 3  8 . 5 1 »  
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Referring to equation 75, the valuesof C2 and B2 are obtained 
from these two relationships: 
where C2 is in radians 
B2 is in radians/ft 
Manipulating least squares results to give C2 and B2 is explained 
in the following steps: 
1) All temperatures are taken in relation to the same time origin. 
But, this time origin need not be the beginning of steady periodic 
oscillation. 
2) The coefficients D2 and E2 are obtained from the above analysis 
using the computer program. 
3) The relative position of the angle C2 for the air entering the 
rock bed is found from inspection of the following chart, Figure 8, 
related to the sign of D2 and E2. 
4) From the inspection of the signs of D2 and E2, C2 can be 
determined in the range 0 to 2ir. 
5) The process is started for x = 0 and repeated for x = 1. The 
phase lag increases as the distance x increases so that there is the 
possibility of an error of 2? entering, that is: 
-1 -E2 
C2 = Tan 
D2 
[82] 
and 
[83] 
C2(X,) - C2(Xq) > 0 true [84] 
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or, 
C 2 ( X j )  -  C 2 ( X Q )  <  0  false [85] 
These two possibilities are presented in Figure 9. In the first 
instance C2(X^) is correct, but in the second instance, the correct 
value is: 
C 2 ( X ^ )  +  2 T r  
The process could fail if, 
C 2 ( X , )  -  C 2 ( X q )  >  2 7 r  [ 8 6 ]  
but the value of X^ - XQ  precluded such an occurrence in this investi­
gation. 
6) The method given in step 5 for obtaining the true value C2(X^) 
at different heights of rock storage is repeated. 
7 )  The results in relation to C 2 ( X Q) as a phase shift of zero 
may be expressed as follows in radians: 
A C 2 ( X ^ )  =  C 2 ( X ^ )  -  C 2 ( X q )  [ 8 7 ]  
Table 6 represented the above procedure for determining the true value 
of the time lag at different heights of rock bed. 
8) Referring to equation 65, the phase lag, B, may be determined 
by performing a linear regression analysis of AC2(X^) VS X^. The slope 
of the regression line represents the phase lag of the observations, B, 
of the sine section of the heat transfer equation in radian/ft. Because 
of the formulation of the solution in equation 65, B is necessarily 
positive. 
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QUADRANT 11 QUADRANT 1 
D2 _ 02 -4-
E2 — E2—: 
D2 __ 02 +-
E2 4- E2 *-
QUADRANT III QUADRANT IV 
Figure 8. Relation position of circular functions of angle C2 
for the air entering the rock bed 
,C2(X. 
C2(X_) 
C2(X,) - C2(X. ) < 0 
C2(X,) 
C2(X,) - C2(X_) > 0 
Figure 3. Effect of 2t t  increment on C2(X^) 
Table é. True values of time lag procedure at different heights of rock bed at flow rate, 
equivalent spherical diameter, and void fraction of 35.99 cfm/ft^, 0.1293 ft, and 
45.76%, respectively 
Rock bed height 
inches D2 E2 
Quad­
rant 
C2 
Un­
corrected 
C2 
Corrected 
AC2 
Rad 
Time Lag 
Hr Min 
0 
-4.5773 -45.8363 II 1.4713 1.6702 0.000 0.000 0.00 
12 
-27.8662 -26.1732 II 0.7541 2.3875 0.7173 0.457 27.40 
24 
-31.5873 -6.8804 11 0.2145 2.9271 1.2569 0.800 48.01 
36 -18.4763 16.0741 III 0.7160 3.8576 2.1874 1.393 83.55 
47 -6.4938 19.4948 III 1.2493 4.3909 2.7207 1.732 103.92 
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9) The decay constant. A, is determined by performing the linear 
regression analysis between Log^ B2(X^) and The negative value of 
the slope of the regression line yields A. Because of the original 
formulation of the solution to the heat transfer equation, A is 
necessarily positive. 
Table 7 shows the least squares fit of the amplitude of the sinus-
oi da 1 temperature function at different locations in the rock bed. 
Table 8 shows the values of the coefficients A and B at different 
airflow rates and fration of voids. 
Volumetric Heat Transfer Coefficient 
The value of the volumetric heat transfer coefficient between the 
heated air and the solid surface may be represented in this analysis by 
combining the two coefficients of A and B as follows: 
from equations 72 and 73: 
0)2 D E 
A 0% + [2 (J D w Ag pg Cg 
— [88] 
B 0) C E C U At 
+ 0% 
w Ag Pg Cg and Ai are all known from the conditions of the experiment. 
The angular velocity, w, is equal 2m/P. The volumetric heat transfer 
coefficient, U Ai, may be obtained as follows: 
u) Ag ps Cg 
U Ai = [89] 
(A/B) 
Table 7« Least squares fît of the amplitude of the sinusoidal temperature function at different 
locations in the rock bed, °F 
Run 
number 
Equivalent 
spherical 
diameter 
Void 
fraction 
Air 
flow 
rate 
Rock bed height, inches 
ft % cfm/ft^ inlet 12 24 36 47 outlet 
A-1 0.0676 45.96 18.61 51.85 42.60 33.42 23.72 18.63 11.45 
A-2 0.0676 45.96 27.21 44.38 39.78 34.28 27.10 22.65 17.70 
A-3 0.0676 45.96 35.67 54.07 50.19 45.22 38.73 34.51 29.36 
A-4 0.0676 43.28 27.00 43.50 39.24 33.72 26.96 22.77 19.57 
A-5 0.0920 45.37 19.73 44.57 32.44 22.47 13.48 9.88 8.90 
A-6 0.0920 45.37 27.13 43.37 36.71 30.02 22.05 17.58 15.29 
A-7 0.0920 45.37 36.02 46.12 40.89 33.76 28.13 24.93 22.51 
A-8 0.0920 43.35 26.61 44.63 37.20 29.34 23.25 18.67 17.28 
A-9 0.1293 45.76 18.85 44.60 27.75 18.26 9.42 5.63 3.68 
A-10 0.1293 45.76 26.34 44.04 32.86 25.19 17.15 12.84 9.10 
A-11 0.1293 45.76 35.99 46.06 38.23 32.33 24.49 20.55 16.82 
A-12 0.1293 44.06 27.09 43.96 33.09 25.14 17.66 14.29 12.71 
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Table 8. Constants of exponential decay coefficient. A, and phase lag 
coefficient, B 
Run 
humber 
Equivalent 
spherical 
diameter 
ft 
Void 
fraction 
% 
Air flow 
rate 
cfm/ft^ 
Constants 
A 
I/ft 
B 
Rad/ft 
A-1 0.0676 45.96 18.61 0.268 1.257 
A-2 0.0676 45.96 27.21 0.176 0.944 
A-3 0.0676 45.96 35.67 0.118 0.752 
A-4 0.0676 43.28 27.00 0.170 0.971 
A-5 0.0920 45.37 19.73 0.396 1.334 
A-6 0.0920 45.37 27.13 0.235 0.932 
A-7 0.0920 45.37 36.02 0.163 0.782 
A-8 0.0920 43.35 26.61 0.225 0.959 
A-9 0.1293 45.76 18.85 0.530 1.233 
A-10 0.1293 45.76 26.34 0.317 0.896 
A-11 0.1293 45.76 35.99 0.209 0.716 
A-12 0.1293 44.06 27.09 0.293 0.926 
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Statistical analysis was used to compare 20 pairs of and 6/0^ 
published by Ldf and Hawley (1948) with 9 pairs generated in this study. 
and G/Dp. The analysis of variance program in SAS, GLM at I SU was used. 
The results of the analysis are shown in Appendix D. Three levels of the 
equivalent spherical diameters, 0.0676, 0.0920, and 0.1293 ft were tested 
in this study. The analysis shows that slopes of the three regression 
lines are the same, but the intercepts are different, Figure 10. In 
addition, there is no difference of the regression lines' height around 
the mean. The Lof and Hawley data were analyzed for the four levels of 
equivalent spherical diameters. The error sum of squares for the re­
gression from this study is equal to 0.00073 which is less than the 
error sum of squares for the regression of Lof and Hawley observations, 
0.00660. This low error value would seem to indicate the accuracy of 
running the experiments and recording data was good. 
A t-test was conducted to test whether the two regression lines 
from this study and that of Lof and Hawley (1948) were the same. The 
formula used in this test is: 
where bj, b^ are the slopes of the regression lines of Lbf and Hawley, 
1948, and this study, respectively. 
The statistical analysis was performed on the natural Logarithms of h 
V 
t [90] 
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are the error sum of squares of Lof and Hawley, and this 
study from the means, respectively. 
The t-test shows a significant difference between the two slopes, 
a < 0.01. This difference may be because the Lof and Hawley observations 
covered a wide range of airflow rates than those tested in this study. 
Also the number of the observations was larger. tn addition. Lof and 
Hawley used smaller rock sizes in a range of 0.0262 ft to 0.1090 ft, 
than those used in this study CO.O676 to 0.1293 ft). For this study, 
the statistical test shows that rock size is significant. Size was not 
significant for the Lof and Hawley data. 
Parker et al. (1980) presented a logarithmic plot of the volumetric 
heat transfer coefficients versus the ratio of mass flow rate to equiv­
alent spherical diameter of particles for experimental results from 
Ranz (1952), Dunkle (1976), Lof and Hawley (1948), and Whitaker (1972); 
the difference in the calculated values of volumetric heat transfer co­
efficient is quite large. 
The coefficients obtained from the statistical analysis were used 
to develop prediction equations for the three rock sizes used in this 
study. 
For Dp = 0.0676 ft, 
h^ = 2,77 (G/Dp)°'543 191] 
For Dp = 0.092 ft, 
h^ = 2.40 (G/Dp)°'543 [92] 
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For Dp = 0.1293 ft, 
2.05 (G/Dp)*'543 [93] 
General equation of the set of experiments are obtaTned from 
volumetric heat transfer coefficient determination as, 
t9M 
These empirical equations result when the air is heated 
periodically as function of time. Table 9 shows the volumetric heat 
transfer coefficients, Btu/hr•ft^-'F developed by the mathematical 
model and Lof and Hawley's empirical equation. 
Figure 11 shows the least squares fit of the original data at aîr 
flow rate, equivalent spherical diameter, and void fraction with 27.13 
cfm/ft^, 0.0920 ft, and 45.37%, respectively. Figure 12 shows the results 
of the mathematical model at airflow rate, equivalent spherical diameter, 
and void fraction with 27.13 cfrri/ft , 0.0920 ft, and 45.37%, respectively. 
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Figure 10. Volumetric heat transfer coefficient versus mass flow, 
equivalent spherical diameter ratio 
Table 9 . Heat transfer coefficients; result from the mathematical model and Lof and Hawley 
empirical equation 
Run 
number 
Equivalent 
Spherical 
diameter 
Mass 
flow rate 
of air 
G 
D 
Heat 
transfer 
coefficient 
Btu/Rr'ft2*F 
Interface 
area 
A; 
Volumetric ® 
heat transfer 
Coefficient 
hv 
Dp, ft G, Ib/hr.ft^ P Ub hc ftZ/ft Btu/hr*ft^°F 
A-1 0.0676 76.42 1130.4 2.73 2.26 47.96 130.71 
A-2 0.0676 111.74 1653.0 3.12 2.95 47.96 149.55 
A-3 0.0676 146.48 2166,8 3.71 3.56 47.96 177.9.8 
A-5 0.0920 80.99 880.4 2.66 2.55 35.63 94.80 
A-6 0.0920 111.39 1210.8 3.13 3.19 35.63 111.34 
A-7 0.0920 147.91 1607,8 3.78 3.89 35.63 134,70 
A-9 0.1293 77.42 598.8 2.58 2.76 25.17 64.93 
A-10 0.1293 108.15 836.5 3J4 3.50 25.17 78.94 
A-11 0.1293 147.80 1142.8 3.77 4.34 25.17 94,94 
® hy = U(A./(A^ + Ag)). 
U was obtained in this study. 
h was obtained from Lof and Hawley empirical equation. 
AIR TEMP. AT HEIGHT 0" 
AIR TEMP. AT HEIGHT 12' 
_0_ AIR TEMP. AT HEIGHT 24" 
-A- AIR TEMP. AT HEIGHT 36" 
AIR TEMP. AT HEIGHT 47" 
U. 
UJ 
-40 
-50 
TIME (hr) 
Figure 11. Least squares fit of the experimental data of temperature gradient through rock bed 
storage system at airflow rate, equivalent spherical diameter, and void fraction 
of 27.13 cfm/ftZ, 0.092 ft, and 45.37%, respectively 
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AIR TEMPERATURE AT 12" HEIGHT 
AIR TEMPERATURE AT 24" HEIGHT 
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Figure 12. Temperature gradient through the rock bed storage system result from the mathematical 
model at airflow rate, equivalent spherical diameter, and void fraction of 27,13 cfm/ft^, 
0.092 ft, and 45.37%, respectively 
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SOLAR COLLECTOR MODELING 
Energy performs a very significant role in the production of 
livestock. Many livestock structures are heated by delivery of warm 
air to the animal space. This air may be heated by fuel burned or by 
electricity. As a fuel supply, petroleum has become restricted and 
costs have increased, therefore alternative sources of energy have 
been examined. Solar energy is one alternative. Since the energy 
only comes from the sun during the day time, it is important to store 
this energy in a rock bed as a sensible heat and using it during the 
night time or whenever the clouds cover the sun. 
This chapter is concerned with predicting the discharge temperatures 
from a rock bed storage system when exposed to a periodic temperature 
variation simulating the discharge from a solar collector. Fourier 
series technique with the fundamental and the first three harmonic terms 
was used in this analysis. A comparison has been made to validate the 
mathematical model developed using discrete Fourier analysis on rock 
bed discharge temperature readings. So, this chapter consists of four 
parts, a solar radiation model, an air-type flat-plate solar collector 
model, measurement of the input^output temperatures of air passing 
through a rock bed and application of the finite Fourier series technique 
and predicting temperature output of air from the rock bed using the 
mathematical model and Fourier analysis. 
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Solar Radiation Model 
A solar radiation model was developed to predict the amount of 
hourly solar radiation received by a vertical surface facing south 
for an active collector. The radiation incident on a vertical surface 
consists of direct solar radiation, sky diffuse radiation and ground 
reflected radiation. The solar constants used in this study, the 
apparent solar constant, the atmospheric extinction coefficient and 
the sky diffuse factor, are obtained from Table 1, page 26.2, 1977 ASHRAE 
Handbook of Fundamentals, The hourly total shortwave solar radiation 
reaching any surface is calculated from the following formula: 
1^ = ly^cosG + + IY Btu/hr-ift^ 195] 
where 
is the direct normal solar radiation 
is the diffuse sky radiation from a clear sky 
is the reflected solar radiation from surrounding surfaces 
0 is the angle of solar radiation incidence 
The angle of solar radiation incidence for any surface is related 
to the solar altitude above the horizontal, the solar azimuth, the tilt 
angle of the surface from the horizontal and the surface solar azimuth.. 
These angles in turn depend on the local latitude, the solar declination, 
and the solar hour angle. Figure 13 shows the solar angles position, 
ASHRAE Handbook of Fundamentals (1977) describes the angles relations 
in a set of equations. 
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Figure 13. Solar angles for tilted and horizontal surfaces 
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The average ground reflectance has been calculated with the formula 
suggested by Liu & Jordan (1977) with the formula to account for the 
effect of snow: 
p = 0.2 (1 - C) + 0.7 C [96] 
where C is the fraction of time during the month when the ground is 
covered with more than one inch of snow. 
The above two equations, ASHRAE equations, and data for central 
Iowa were incorporated into a computer program, FORTRAN language, that 
produced considerable information on solar energy available at any hour 
of a clear day throughout a year. Table 10 shows the values of direct 
normal, diffuse, and reflected solar radiation with a clear atmosphere, 
incident on a vertical surface facing south for central Iowa, latitude 
42.00° north. Data are for a relatively cold day on January 21. Figure 
14 shows the plot of these data. 
Air-Type Flat-Plate Solar Collector Model 
The generalized performance equation for calculating the instanta­
neous output temperature of heated air from a collector to the instan­
taneous solar energy input has been derived by Whillier (1977) at 
steady state condition, in which the rate of heat losses and useful 
recovery is equal to the heat gain, as follows: 
a„ = A/r - U^(Tf, - T^)] [97] 
where: 
is the instantaneous energy output of the collector, Btu/hr 
1^ is the total solar radiation incident upon the collector 
surface, Btu/hr-ft^ 
72 
2 
Table 10. Insolation values, Btu/hr.ft for January 21 at 
clearness value = 1, for central Iowa location 
Solar 
Insolation values, Btu/hr» ft2 
Time 
'dn 'd 1 r 't 
7:30 a,tn. 0.00 0.00 0.00 0.00 
8:00 67.05 3.41 4.15 74.62 
9:00 159.11 6.59 14.59 180.30 
10:00 213,38 7,74 23.04 244.16 
11:00 244.27 8.21 28.41 280.89 
12:00 p.m. 254,45 8.35 30.24 293.03 
1 ;00 244.27 8.21 28.41 280.89 
2:00 213.38 7.74 23.04 244.16 
3:00 159.11 6.59 14.59 180.30 
4:00 67-05 3-41 4.15 74.62 
4:30 0.00 0.00 0.00 0.00 
AMES, IOWA 
(42.00 N. LAT.) 
CLEAR DAY 
300 
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^ 200 
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3 
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Figure 14. Solar radiation incident on a vertical surface facing south on 
January 21 In Central Iowa 
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A is the collector surface area, ft 
c 
Ta is the product of the transmisivity of the glass plate and 
the absorptivity of the absorber plate. 
is the overall heat transfer coefficient between the collector 
2 heat absorber plate and the ambient, Btu/hr-ft °F 
T^j is the air temperature entering the collector, °F 
is the ambient temperature, °F 
is the heat removal factor; it shows the effectiveness of the 
collector in transferring heat from the absorber plate to the 
fluid and is influenced by the fluid properties, flow rate, 
and heat transfer resistance between the fluid and plate surface 
The ambient temperature, t^, can be represented by a sine function. 
In this case, the minimum temperature is assumed to occur at sunrise 
and the maximum temperature 12 hours later, as suggested by Close (1967). 
So, the following formula can be applied: 
2irnt 
\ <^«x + — :98] 
where: 
T is the maximum ambient temperature, °F 
max 
T . is the minimum ambient temperature, "F 
mm 
n is the harmonic number of the term 
t is the time, hr 
Liu & Jordan (1977) have specified the heat removal factor for 
specific collector operating under a set of conditions, F^ is a constant. 
Typically for collectors using water as the heat transfer fluid, 
F^ = 0,9. For most air collectors, F^ = 0.8. 
The thermal losses from the air-type collector is a function of 
the difference between the average temperature of heated air and ambient 
temperature and the overall heat transfer coefficient. Duffie and 
Beckman (1974) recommended, for simplicity, an overall heat transfer 
2 
coefficient of 1.5 Btu/hr-ft ®F is suitable for design consideration 
of solar collectors. 
The inlet air temperature to the collector may be presented by a 
value equal to the ambient temperature plus the temperature rise of air 
through the operating air fan. It is assumed that the air temperature 
rise was 2.0*F. 
The transmissivity of the glass cover to the solar radiation and the 
absorptivity of the black absorber plate to the shortwave solar radi­
ation are 0.85 and 0.95, respectively recommended by numerous investi­
gators who are working in solar energy researches. 
A computer program model has been written for determining the dis­
charge temperature of air from a simple design of air-type solar col­
lector. Figure 15 shows the temperature output of air from a vertical 
solar collector model facing the south direction at different thermal 
efficiencies 50%, 60% and 70% for central Iowa (42.0*N latitude). 
Measurement of the Input-Output Temperatures of 
Air Passing Through a Rock Bed and 
Application of the Finite Fourier Series Technique 
To obtain a solution to a particular boundary value problem, we 
must need to know how to expand a function into a trigonometric series. 
As the discharge temperature from a solar collector changes periodically 
as a function of time, the Fourier series or Fourier expansion 
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corresponding to this function, f(t), could be applied. The Fourier 
series is defined to be: 
Aq K=N-1 . \ A [99] 
f Ct) = — + s ( A„ cos Kut + B,, sin Kwtj + — cos to N t 
2 K=1 2 
The coefficients of cosine and sine terms, and B^, are defined 
as Fourier series coefficients. They may be obtained from the following 
two relat ions : 
P=2N-1 
S 
P=0 
[100] 
A„ = — F(t ) cos (Km t ) K = 0, 1, . . ., N 
^ M P P 
P=2N-1 
Z 
P=0 
[101] 
B„ = - E F(t ) sin (Kto t ) K = 1, 2, . . N-1 
(.J P P 
The function f(t) is often given at 2N-1 points, but it is still for 
2N intervals, it is assumed that f(0) = f(P). P is defined as the 
period of the oscillation. 
Applying Fourier expansion procedure, an experiment has been run 
with a second cam designed to follow the exact profile of the discharge 
temperature of air from an air-type solar collector model. The dis­
charge temperature of air from the solar col lector model was for specific 
day, January 21, which represents the coldest month during the heating 
season. Appendix A, experiment A-13. Figure 16 shows the temperature 
profile of air that resulted from this cam and the temperature at 
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specific location in the rock bed. The maximum and minimum temperatures 
and the period of oscillation are 190.4*F (88°C), 107.4°F (42°C) and 4.0 
hour, respectively. 
A computer program has been written to determine the finite 
Fourier series coefficients for both sine and cosine terms of 12 tem­
perature measurements (i.e., one cycle) obtained after steady periodic 
conditions were achieved. Figure 16 shows that the cycle repeats itself 
after the third cycle. Table 11 shows the coefficients of the discrete 
Fourier analysis for the input data to rock bed. It seems that the 
coefficients of the sine terms are small compared with the cosine co­
efficient terms. These sine and cosine terms may be used to predict the 
discharge temperature from the solar collector. The function f(t) was 
truncated after the third harmonic terms becuase the fourth and fifth 
harmonics were of small magnitude. Thus, the periodic function of air 
temperature discharge from a solar collector, otherwise, the inlet tem­
perature to rock bed, may be represented as follows: 
Aq 
f(t) = — + A^ cos(wt) + Ag cos (2 cot) + A^ cos (3 wt) + s in (tot) + 
[102] 
Bg sin(2(ot) + Bg sin(3wt) 
where A^, A^, A^, A^, B^, B^ and B^ are coefficients of Fourier series 
An 
listed in Table 11. The average temperature of the oscillation, , 
is 131.45°F. Figure 17 shows the measured temperature input to rock bed 
compared with data least square fitting. 
EXPERIMENTAL DATA 
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Figure 16. Temperature gradient of air in the rock bed storage system at flcwrate, equiva 
spherical diameter, and void fraction of 27.97 cfm/ft , 0.1293 ft and 43.32%, 
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17. Fourier Series application of air temperature at the i 
and outlet of rock bed 
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Since the function f(t) has both cosine and sine terms of Fourier 
series, it is necessary to obtain a formula to indicate the temperature 
of air at positions in rock bed through the mathematical model previously 
discussed. The equation that represents the solution is: 
T^ (x,t) = e cos(w t - BX) [103] 
The constants A and B may be obtained by applying the procedure explained 
in the mathematical model chapter. The constants, A and B, resulting 
from the angular velocity of periodical temperature variation of air are: 
A  =  D - E - a j 2 / D ^ .  0 ) ^  +  [ 1 0 4 ]  
B = C-E. 0)/D2. aj2 + [105] 
The exponential decay coefficient. A, and the phase lag coefficient, B, 
equations are similar to the equations obtained previously. This shows 
that the assumed form of the solution including the cosine term is valid. 
These coefficients appear to be changed if the second and third 
harmonics are presented as, 
second harmonic term, 2w: 
(A). = 4w2.D • E/4w2 ' 0% + [2 [106] 
zw 
= 2u>. C • E/4w2 ' 0% + 0% [107] 
third harmonic term, : 
(A)3^ = 9w2.D . E/9a)2 . 0% + [lOB] 
(B)^^ = 3w C • E/9w2 . D2 + c2 [109] 
82 
Generally, the coefficients A and B could be obtained for any harmonic 
term as follows: 
(A)^^ = n^oj^D -E/n^w^D^ + [110] 
(B) = n0) C . E/n^w^ [ill] 
nu 
Table 12 shows the coefficients (A) and (B) up to the fifth harmonic 
nw nil) 
terms. The values of C, E and D are obtained from the values in Table 13. 
Since the thermal properties are constant, it is accepted practice to 
use average temperatures to determine thermal properties of the air. 
Before the validity of the mathematical model in the form of 
equation 103 can be examined, the measured values of the rock bed dis­
charge temperature must be expressed in the form of a Fourier series 
up to the third harmonic. The truncated Fourier series has the same 
form as equation 102, but the coefficients have been labelled and B^ 
l\ l\ 
to distinguish them from input values. Table 14 . Experimental values 
and values obtained from the Fourier series are presented :n Table 16. 
The close agreement in most instances within 0.5°F reinforces the 
decision taken to truncate after the third harmonic terms. 
Simulation Analysis of Rock Bed Temperature and Fourier Series 
If a linear differential equation of the form, 
3Tf a^Tf 8Tf 
C — + D ~~ • " • + £ • — 0 
9x 3x3t 9t 
equation 63 from the previous chapter has two or more independent 
solutions of the form Tf = f^(x,t), T^ = fgCx.t) then a linear 
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Table 11. Fourier series coefficients 
at rock bed inlet 
K A(K) B(K) 
0 262.8962 --
1 -33.2974 -2.9917 
2 20.7641 3.4114 
3 -7.4148 -1.0833 
k 2.3994 0.5815 
5 -0.1549 -0.5126 
6 -- 0.1243 
Table 12. The exponential decay coefficient, 
A, and the phase lag coefficient, 
B, up to the fifth harmonic term 
n (S)nw 
1 0.3348 1.0079 
2 1.0317 1.5528 
3 1.6787 1.6844 
4 2.1507 1.6185 
5 2.4726 1.4886 
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Table 13 . Values used to determine the coefficients A and B 
Parameter Value 
Air flow rate, q, cfm 27.97 
Air density, p^, Ib/ft^ 0.06401 
Air specific heat, c^, Btu/lb°F 0.2411 
Area of solid, ag, ft^ 0.5668 
3 
Limestone density, p^, lb/ft 151.00 
Limestone specific heat, C^, Btu/lb°F 0.217 
Convective heat transfer coefficient, 
U, Btu/hr*ft2°F 
3.318 
Interface area. a . ,  ft^/ft 26.302 
Volumetric heat transfer coefficient, 
U A., Btu/hr-ft3°F 
87.267 
Table 14 . Fourier series coefficients 
at rock bed outlet 
k a(k) b(k) 
0 259.3896 — -
1 6.5581 5.9577 
2 0.4690 -0.1807 
3 -0.0304 -0.0544 
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combination Tf = (x,t) + f2 is also a solution of the equation 
(easily verified by direct substitution). in this instance, each 
trigonometric term in the forcing function A,, cos Kwt or sin Kut 
Ix K 
has been shown to have a solution of the form; 
Tf = Aj^ e cos(Kut - BX) 
or 
= B|^  e sin(Ku)t - BX) 
So, the expected output temperature can be obtained by writing the 
solutions for the fundamental and as many harmonics as are considered 
to have an effect. So far in this discussion, it has been shown that 
truncation after the third harmonic does not introduce a substantial 
error in describing the size of the experimental temperature variation 
at the input. The solution containing a time lag term is not in a 
satisfactory form for comparison with a Fourier series obtained from 
the measured outlet temperature. 
By the applied trigonometric fundamental for function of the sum 
and difference of two angles, the discharge air temperature from rock 
bed may be presented by the following formula; 
= [B] e cos(BX)] sin(ut) + [B] e sin(BX)] cosCoit) 
Assuming; 
B; = B% e cos(BX) [11 
-AV 
Aj = e sin(BX) [11 
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where: 
is the coefficient of sine term 
B, is the coefficient of cosine term 
I 
Similarly, the temperature discharge of air from a simulated solar 
collector, which represents the inlet temperature to the rock bed, 
could be presented by cosine term as follows: 
T.^ = A^ cos(u)t) [115] 
The discharge temperature of air from the rock bed could be presented 
by the following formula: 
"•"out " A; G cos(wt - BX) [116] 
By applied principle trigonometric function, the above equation became: 
T^y^ = [A^ e cos(BX)] cos(wt) + [A^ e sin(BX)] sin (cot) ^'^7] 
Let us assume: 
-ay 
A, = A, e cos(BX) [118] 
_nv 
B, = A, e sin(BX) [119] 
where 
A^ is the coefficient of cosine term 
B^ is the coefficient of sine term 
The Fourier series coefficients may be obtained by summing A^ + A^ 
and B^ + B^ . 
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e'AX cos(BX) - e"** sîn(BX) 
= B^ e"A* cos(BX) + e"** sin(BX) 
The final solution for discharge temperature from rock bed may be pre­
sented in a harmonic series as: 
A 
f(t) = — + A^ cos (cut) + Ag cos(2wt) + A^ cos(3wt) + B^ sin(wt) + 
[122] 
Bg sin(2u5t) + sin(3wt) 
where Aq, A^, A^, A^, B^, B^ and B^ are coefficients of Fourier series; 
A^ and B^ are coefficients of Fourier series and they are obtained by 
applying Hamming equations discussed previously; A and B are the ex­
ponential decay coefficient and the phase lag coefficient. 
Table 15 shows the coefficients used for the simulation analysis 
of air temperature at rock bed exit. Figure 18 shows the output temper­
ature from rock bed obtained by applying the simulation analysis, 
equation 122, and the Fourier series technique up to the third harmonic 
terms. Figure 18 shows the validity of the mathematical model compared 
to the experimental data of output air temperature from rock bed through 
Fourier series analysis. The values are close. So, the mathematical 
model may be applied to predict the outlet air temperature from a rock 
bed, when inlet air temperature to a rock bed simulates a periodic 
output temperature from a solar collector. 
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Table 15 . Coefficients used for simulation 
analysis of outlet air from rock 
bed 
Coefficient Value 
A„ 262.941 o 
A 0.3348 
B 1.0079 
-33.335 
"2 20,857 
S -7.685 
=1 
-3,100 
3.519 
S -1,115 
5.614 
K 0.372 
K -0.010 
7.061 
-0.013 
h -0.005 
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Table 16 . Air temperature at the inlet and outlet of rock bed applying 
Fourier series technique compared with the experimental data 
Time 
Rock bed inlet air 
temperature, °F 
Rock bed outlet air 
temperature, °F 
Rock bed 
outlet ai r 
temper­
ature, °F 
(Kr) 
Experimental 
data 
Fourier 
series 
Expérimenté»! 
data 
Fourier 
series 
Mathema­
tical 
model 
0.00 111.02 111.49 136.40 136.70 137.45 
0.33 113.90 113.37 138.56 138.39 140.03 
0.67 112.28 112.21 137.84 137.78 140.21 
1 .00 107.78 108.77 135.14 135.24 138.16 
1.33 126.14 124.63 131.36 131.47 134.59 
1.67 165.02 164.93 127,58 127.30 130.33 
2.00 191.30 192.89 123.44 123.60 126.24 
2.33 177.62 176.45 121.28 121.16 123.26 
2.67 135.50 136.14 120.74 120.83 122.34 
3.00 112.46 112.69 123.26 123.22 124.03 
3.33 111.74 111.45 127.76 127.76 127.99 
3.67 112.82 112.63 132.98 132.84 133.00 
190 
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Figure 18. Temperature of air at the outlet of rock bed when applying the simulation 
analysis and the Fourier Series technique up to the third harmonic term 
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PRESSURE DROP ANALYSIS IN ROCK BED 
The determination of airflow resistance is necessary for fan 
selection in a rock bed thermal storage system. This may be determined 
by measuring the pressure drop of air passing through a rock bed which 
represents the resistance of packing material, crushed limestone, to 
airflow. The variables upon which the pressure drop seems to depend are 
summarized by Leva (1947) as: 
A. Variables pertaining to the fluid 
1. Weight rate of flow 
2. Fluid density 
3. Fluid viscosity 
B. Variables pertaining to the unit 
1. Rock bed diameter 
2. Packing diameter 
3. Fractional effective voids 
4. Particle shape 
5. Particle surface roughness 
6. Possibly bed configuration 
In this study, two significant factors are influencing the resis­
tance of flowing air through rock bed. These two factors are the rock 
size in term of particle equivalent spherical diameter. Dp, and fraction 
of voids, e. Three particle sizes of crushed limestone, O.O676 ft, 
0.092 ft and 0.1293 ft were investigated. Three voids fractions were 
considered while the particle size was held constant. The airflow 
rates, cfm/ft^, would be in the range of 13-86 cfm/ft^. To study 
the effect of these variables on the pressure drop of air through 
rock bed, nine experiments were run as indicated in Appendix A. 
It is known that pressure drop through a rock bed is proportional 
to the fluid velocity at low flow rates and to the square of the velocity 
at high rates. So, the pressure required to force air through the rock 
bed is a function of the quantity of airflow. Table 17 shows the 
pressure drop per unit length of rock bed, inches H20/ft at various air­
flow rates, cfm/ft^ at different particle equivalent spherical diameters 
of 0.0676 ft, 0.092 ft, and 0.1293 ft. Figure 19 shows the pressure 
drop per unit length of air across the rock bed at different particle 
equivalent spherical diameter on logarithmic paper. The voids fraction 
for the three rock sizes were approximately equal to 45.5%. The largest 
pressure drop per unit of bed length is inversely proportional to the 
particle size at specific airflow rate. The biggest rock size is pre­
ferred from the standpoint of energy loss. 
The general law could be applied to develop a set of empirical 
equations describing the pressure drop per unit length as the following: 
= a(Vs)b [123] 
L 
where a and b are functions of particle size, temperature, percentage 
of voids, density, viscosity and molecular weight; Vg is the superficial 
velocity which in this case represents the airflow rate per unit area 
of rock bed, cfm/ft^; AP/L is the pressure drop per unit rock bed length, 
inches H^O/ft. Three empirical equations have been estimated for the 
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Table 17. The pressure drop per unit length across the rock bed at 
various airflow rates for different particle diameter and 
fraction of voids of O.O676, 0.0920 and 0.1293 ft and 
45.96%, 45.37% and 45.76%, respectively 
Number of Particle equivalent spherical diameter, ft 
measurement 0.O676 0.0920 0.1293 
cfm/ft^ in. H20/ft cfm/ft^ in. H20/ft cfm/ft^ in. HgO/ft 
1 15.10 0.00738 13.53 0.00738 13.52 0.00394 
2 21.86 0.01968 23.12 0.01476 23.46 0.00984 
3 29.48 0.03199 30.15 0.02116 30.62 0.01476 
4 36.57 0.04675 36.73 0.02953 36.75 0.01969 
5 41.73 0.05906 41.74 0.03937 41.69 0.02461 
6 47.59 0.07136 46.49 0.04675 46.13 0.02953 
7 50.93 0.08071 51.20 0.05410 51.17 0.03642 
8 54.76 0.09350 55.77 0.6398 56.20 0.04429 
9 59.32 0.10581 60.02 0.07284 60.37 0.04921 
10 63.96 0.12057 64.16 0.08071 65.40 0.05659 
11 67.67 0.13534 68.11 0.09104 68.83 0.06300 
12 72.09 0.15010 71.94 0.10089 72.92 0.06890 
13 75.58 0.16240 76.39 0.11221 76.69 0.07530 
14 79.36 0.17470 79.83 0.12303 79.94 0.08120 
15 82.82 0.19192 82.97 0.13287 83.34 0.08612 
16 86.29 0.19685 86.58 0.14026 86.52 0.09350 
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Figure 19- Pressure drop across rock bed of crushed limestone at 
various airflow rates (cfm/ft2) and at different 
particles equivalent spherical diameters 
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three sizes of rock: 
[124] 
L 
for Dp = 0.092 ft and e = 45.37% 
— = 0.000086(Vs)^ [125] 
L 
for Dp = 0.1293 ft and e = 45.76% 
— = 0.000047(Vg)1'733 [126] 
The slopes of the curves for the change of the pressure drop per 
unit length, inches H20/ft, to airflow rate of the three rock sizes 
under investigation are approximately the same. 
Table 18 and Figure 20 illustrate the variability in pressure drop, 
which iiiighl be expected with different rock sizes, against the modified 
Reynolds number. The modified Reynolds number may be defined as: 
where Dp is the particle equivalent spherical diameter; is the air 
viscosity; pf is the air density; Vg is the air velocity before entering 
the rock bed. Modified Reynolds number is a function of both the fluid 
properties and the particle size. Figure 20 shows linear functions 
plotted on logarithmic paper, for the three rock sizes. Three empirical 
equations have been developed for completing this analysis. The slope. 
Rem = PfVg Dp/Wf 11271 
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Table 18. Pressure drop per unît rock bed length and modified Reynolds 
number for different particle equivalent spherical diameters 
and fraction of voids of O.O676 ft, 0.092 ft and 0.1293 ft 
and 45.96%, 45.37% and 45.76%, respectively 
Number Particle equivalent diameter, ft 
of 
measurement 
0.0676 0.1 0920 0.1293 
Modified 
Reynolds 
number 
Pressure 
drop 
in.H20/ft 
Modi fied 
Reynolds 
number 
Pressure 
drop 
in. H20/ft 
Modified 
Reynolds 
number 
Pressure 
drop 
in. H20/Ft 
1 115.13 0.00738 131.29 0.00738 184.74 0.00394 
2 116.85 0.01968 224.52 0.01476 320.83 0.00984 
3 224.94 0.03199 292.74 0.02116 418.97 0.01476 
4 278.82 0.04675 356.40 0.02953 502.88 0.01969 
5 318.12 0.05406 404.94 0.03937 570.48 0.02461 
6 361.74 0.07136 450.94 0.04675 631.74 0.02953 
7 387.15 0.0807I 497.34 0.0541 700.97 0.03642 
8 416.71 0.04350 542.30 0.06398 770.10 0.04429 
9 451.56 0.10581 584.01 0.07284 827.33 0.04921 
10 487.24 0.12057 624.37 0.08071 897.81 0.05659 
11 516.04 0.13534 662.44 0.09104 945.80 0.06300 
12 549.69 0.15010 700.13 0.10089 1003.42 0.06890 
13 576.41 0.16240 743.59 0.11221 1056.06 0.07530 
14 605.25 0.17470 777.22 0.12303 1101.19 0.08120 
15 632.97 0.19192 808.50 0.13287 1148.38 0.08612 
16 659.68 0.19685 844.40 0.14026 1192.22 0.09350 
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9 8  
b, can have any value, ranging from n=l for completely Laminar flow to 
n = 2 for the most turbulent conditions. So, the exact value for b for 
any particular size must, however, be determined experimentally. The 
three empirical equations governing this relation are: 
for Dp = 0.0676 ft and e = 45-96% 
^  =  0 . 0 0 0 0 0 2 ( R e J ' [ 1 2 8 ]  
for Dp = 0.0920 ft and e = 45-37% 
— = 0.000002 [129] 
for Dp = 0.1293 ft and e = 45.76% 
—  =  0 . 0 0 0 0 0 1  ( R e ^ ) ' [ 1 3 0 ]  
From an engineering analysis standpoint, predicting the flow behavior 
in rock beds, in both the viscous and turbulent regions for a wide range 
of friction factors is Important. The friction factor is expressed as the 
pressure drop due to friction when the rock bed Is properly described. In 
the laminar range, the friction factor Is a function of Reynolds number. 
It is Independent of the surface roughness of rock. The transition from 
laminar flow to turbulent flow, the friction factor, suddenly Increase In 
the transition region and it starts to decrease In the turbulent region. 
Table 19 shows the friction factor and modified Reynolds number at the 
rock bed face for the three rock sizes. At particle equivalent spherical 
diameter of O.O676 ft, the friction factor increased from 33.37 to 42.40 
9 9  
Table 19. Friction factor and modified Reynolds number at different 
particle equivalent spherical diameters at rock bed face. 
Number 
of 
measurement 
Particle equivalent spherical diameter, ft 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11  
12 
13 
14 
15 
1 6  
0.0676 0.0920 0.1293 
Modified Friction Modified Friction Modified Friction 
Reynolds factor Reynolds factor Reynolds factor 
number f number f number f 
115.13 
166.85 
224.94 
278.82 
318.12 
361.74 
387.15 
416.71 
451.56 
487.24 
516.04 
549.69 
576.41 
605.25 
632.97 
659.68 
33.37 
42.40 
37.90 
36.02 
34.95 
32.57 
32.16 
32.19 
31.04 
30.40 
30.45 
29.76 
29.29 
28.57 
28.77 
27.17 
131.29 
224.52 
292.74 
356.40 
404.94 
450.94 
497.34 
542.30 
584.01 
624.37 
662.44 
700.13 
743.59 
777.22 
808.50 
844.40 
58.61 
40.10 
33.80 
31.80 
32.84 
31.45 
29.97 
29.83 
29.30 
28.41 
28.45 
28.24 
27.85 
27.96 
27.93 
27.05 
184.74 
320.83 
418.97 
502.88 
570.48 
631.74 
700.97 
770.10 
827.33 
897.81 
945.80 
1003.42 
1056.06 
1101.19 
1148.38 
1192.22 
43.91 
36.42 
32.06 
29.67 
28.82 
28.22 
28.27 
28.50 
27.44 
26.84 
26.95 
26.22 
25.89 
25.69 
25.06 
25.25 
1 0 0  
and then started to decrease. This means that the results of the 
experiments are laying in the turbulent region. The friction factor is 
a complex function of surface roughness, fraction of voids, particle 
shape, particle size and bed configuration. Rose and Rizk (1949) has 
shown the edge effect to be negligible if the ratio of container diameter 
to particle diameter is greater than 20. White (1935) found that if the 
ratio of the rock bed diameter to particle diameter is six or more, the 
wall effect in pressure drop is neglected. 
Figure 21 represents the friction factor versus modified Reynolds 
number for only three pressure drop experiments which have fraction of 
void, approximately 45.5%. It is obvious that a general expression 
containing all the variables is realistic. The friction factor is cal­
culated from the following form: 
g is acceleration of gravity 
Vg is air velocity at rock face before the air passing through 
the rock bed, ft/sec 
For the turbulent flow range, an expression may be obtained 
describing the friction factor of the system as function of modified 
Reynolds number similar to that established by Blasius in 1913. His 
where AP/L is the pressure drop per unit length, Ibf/ft^ 
Dp is the particle equivalent spherical diameter, ft 
Pf is air density, Ib^/ft^ 
1 0 1  
equation was in the form of: 
f = ^—r [132] 
(Re)b 
where b and c are constants. The empirical formula for the resistance 
of turbulent flow in the rock bed was obtained by applying a regression 
on logarithmic base as: 
194.1 , , 
Voids fraction, porosity, has long been recognized as one of the 
most important variables affecting pressure drop in a rock bed. In this 
study it is important to investigate the porosity functions and pressure 
drop correlations. Table 20 shows the effect of voids fraction on the 
pressure drop per unit length of rock bed at different rock sizes. The 
governing formula of resistance of the crushed limestone may be obtained 
by applying the porosity part in Ergun (î352) turbulent flow equation as: 
AP /I - E\ b 
[134] 
The two coefficients, a and b, may be 
(1 - e)/e^ on logarithmic coordinates 
empirical equations are: 
computed by plotting AP/L 
at various airflow rates. 
versus 
Governing 
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Figure 21, Friction factor versus modified Reynolds number at 
particle equivalent spherical diameter of O.O676 ft, 
0.092 ft and 0.1293 ft at rock bed face 
Table 20. Effect of voids fraction on air pressure drop per unit length at equivalent spherical 
diameter and airflow rates of O.O676 ft, 0.0920 ft, and 0.1293 ft,and 41.7, 51.0, and 
79.0 cfm/ft^, respectively 
Particle equivalent spherical diameter, ft 
Airflow ! 
rate „ O.O676 0.0920 0.1293 
cfm/ft : 
45.96% ^  43.28% ^  41.83% ^  45.37%® 43.35% ® 42.26% ^  45.76% ® 44.06% ^  43.32% ^  
(5.5664)b (6.9964)b (7.9476)^ (5.8496)'' (6.9540)^ (7.6505)^ (5.6606)^ (6.5402)^ (6.972o)b 
41.70 0.05906 0.07136 0.07874 0.03937 0,04429 0.04921 0.02461 0.02805 O.031OO 
51.00 O.O8O7I 0.10532 0.11073 0.05410 0.06644 O.068IO 0.03642 0.03937 0.04287 
79.00 0.17470 0.21260 0.23620 0.13287 0.14518 0.15750 0.08612 O.O9OIO 0.09597 
Voids fraction, in this study. 
1 - £ 
These values are obtained by applying the following formula: where e represents 
the voids fraction. 
1 0 4  
2  
at airflow rate =41.7 cfm/ft 
AP /1 _ ^ \ 1 436 
( Ï )  0.00290 I [135] 
L \ e-
at airflow rate = 51.00 cfm/ft^ 
AP /' - ^454 
( t )  — = 0.00398 I—^  I [136] 
at airflow rate = 79.00 cfm/ft^ 
AP " - t1-264 (^) — = 0.01275 1 [137] 
Figure 22 shows the airflow rates versus pressure drop at various voids 
fraction. 
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Effect of void fraction on pressure drop of air in 
rock bed at different air flowrates and particle 
equivalent spherical diameters 
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ROCK BED DIMENSIONS AND SOLAR COLLECTOR 
SIZES FOR CALF BUILDING SPACE HEATING 
Air temperature, relative humidity, ventilation rate, air velocity 
and odors are factors that influence production, growth, feed conversion 
and health of livestock. In cold weather, one of the most important 
factors to be adjusted is the livestock space temperature. Large amounts 
of cold air must be heated. This energy may be obtained from petroleum, 
wind power, electricity or solar energy. 
The mathematical model and Fourier series technique, developed in 
this dissertation, was used to design a rock bed storage system for a 
calf building. Step by step procedures and calculations to design a 
thermal storage rock bed of crushed limestone with specific dimensions 
and an air-type solar collector for a specific calf house are shown. 
The design of the thermal system was divided Into three parts: 
1. to determine heating load requirement for calf building. 
2. to design rock bed thermal storage system. 
3. to design an air-type solar collector to match rock bed 
storage. 
Heating Load Requirement for Calf Building 
To determine heat load requirements for maintaining optimum condition 
in calf building environments, the following specifications were con­
sidered for sensible heat balance. Midwest Plan Service Structures and 
Environment Handbook (1976): 
1 0 7  
Number of calves 88 head 
Sensible heat production 600 Btu/hr/head 
Average weight per calf 350 lbs 
Winter minimum ventilation rate 10 cfm/animal 
Design outdoor weather condition: 
Outside design dry-bulb 
temperature (2-1/2%) 
-6*F 
Design animal environment condition: 
Inside design temperature 60°F 
Inside design temperature variation ±20°F 
Building dimensions and R values are listed in Table 21. A heat 
balance program that was developed for the micro-computer was used to 
evaluate the supplemental heat required, Btu/hr, at various airflow 
rates and outside design temperatures. Table 22 shows the output of 
the heat balance program. The supplemental heat required was calculated 
based on the sensible heat balance inside the calf building. Steady 
state condition was assumed in which the sensible heat production in the 
building must be removed at the rate it is produced to maintain constant 
temperature in the building. The sensible heat balance, Btu/hr, equation 
is as follows: 
[ 1 3 8 ]  
where: 
q^ = Sensible heat gain from the animal 
q^ = Mechanical heat from lights, motors, etc. 
1 0 8  
Table 21. Calf building dimensions and R-values for building heat loss 
Description ^  Area Perimeter R-Value 
sq ft ft sq ft °F Hr/Btu 
Ceiling 1296 20 
Wall 1248 12 
Foundation 156 1.3 
Perimeter 156 1.2^ 
These values are obtained from Midwest Plan Service and 
Environment Handbook 1976 
R-value of perimeter is per foot of exterior wall 
Table 22. Sensible heat balance in calf building for supplemental heat 
required at inside design temperature and ventilation rate 
of 60°F and 10 cfm/animal, respectively 
Outside 
temperature 
(*F) 
BuiIding 
losses 
(Btu/hr) 
Venti1 at ion 
losses 
(Btu/hr) 
Animal 
gain 
(Btu/hr) 
Supplemental 
heat 
(Btu/hr) 
-20 33250 76032 52800 + 56482 
-15 31172 71280 52800 + 49652 
-10 29094 66528 52800 + 42822 
- 6 27431 62726 52800 + 37357 
- 5 27015 61776 52800 + 35991 
+ 0 24937 57024 52800 + 29161 
+ 5 22859 52272 52800 + 22331 
+10 20781 47520 52800 + 15501 
+15 18703 42768 52800 + 8671 
+20 16625 38016 52800 + 1841 
+25 14547 33264 52800 - 4989 
1 0 9  
= Supplemental heat 
q^ = Building heat loss through doors, walls, etc. 
q^ = Sensible heat lost in ventilating rate 
q^ = Sensible heat used to evaporate water 
Often q^ and q^ are neglected because they are relatively small. 
Table 22 shows the supplemental heat required based on outside temperature 
of -6°F to be 37357 Btu/hr. This quantity of energy is sufficient to 
maintain inside constant temperatures of 60°F. 
Design Specification of Rock Bed 
Thermal Storage Dimensions 
Most of the heat needed in a livestock building must be supplied at 
night because of lower ambient temperatures usually prevailing during 
that period. The duration of night hours is also greater than sunlight 
hours in winter, and there is no direct solar heating through windows 
and other surfaces. it is therefore essential, for practical and 
economic reasons, that the solar heat collected during daytime provide 
the supplemental heat required for space heating during the daytime and 
quantity of solar energy must be stored for delivery as needed at night 
and cloudy periods. So, the design considerations of a rock bed storage 
system must meet space heating and energy storage requirements. The 
following specifications are data input of rock bed design in central 
Iowa, Ames for clear days: 
Weather condition. 
Duration time 2-1/2 days 
1 1 0  
Limestone thermo-physical properties. 
Mass density 
Specific heat 
Heat storage capacity 
0.217 Btu/lb "F 
151 Ib/ft^ 
32.77 Btu/ft3 °F 
The thermal energy collected that needs to be stored in a rock bed 
for 2-1/2 days duration is; 
Eg = 37357 X 24 X 2.5 = 2241420 Btu 
Minimum winter ventilation rates for temperature control and for 
moisture or odor control are desirable from an economical standpoint. 
Consequently, air ventilation temperature to be raised and delivered, 
-6°F, to the calf housing space may be calculated by applying the 
following steps: 
1. The amount of supplemental heat required to maintain the inside 
temperature of calf housing space can be determined from the basic heat 
balance equation, 138, as: 
2. The minimum ventilation rate of 880 cfm for moisture removal 
will also control odors in the calf building and it is recommended by 
Midwest Plan Service Structures and Environment Handbook (197b). So, 
the design ventilation temperature, T^, at outside design temperature, 
[139] 
= (27431 + 62726) - 52800 
= 37357 Btu/hr 
i n  
-6°F, can be obtained by applying the following formula: 
"sr = - Tout) l'4°] 
3 
where V is the specific volume of ventilation air, 13-3 ft /lb dry air. 
Rearranging equation 140 to be as: 
+ Tout 
so, 
= ^37357/^880 x^GO^x 0.24 + (-6) 
= 39.21 - 6 
= 33.21°F 
- 34*F 
This low 5ir LciTipcrature, 34°F, can bs de 1 ivered, at vent' Istion 
rate 880 cfm, from designed rock bed storage system. 
The mass volume of limestone in rock bed may be determined from the 
fundamental equation of heat absorbed as: 
" "s <Tr - Tout> ('4:: 
whe re : 
Eg is the thermal energy stored, Btu 
Mg is the mass of limestone, lbs 
Cg is the specific heat of limestone, Btu/lb °F 
1 1 2  
is the average solid temperature, °F 
is the outdoor design temperature, °F 
Several assumptions have been made to apply the above equation: 
1. Average air temperature delivered from rock bed is considered 
at 34°F. 
2. No heat losses from side walls of rock bed. 
The mass of limestone may be obtained as follows: 
= 2241420/0.217 X (34 - (-6)) 
= 258228.1 lbs 
The normal fraction of voids, e, in a typical rock bed may be con­
sidered 45%. So, the volume of the voids, (vol)^, in rock bed is: 
(vol)y = (vol)g X E [143] 
= 258228.1 X 0.45/151 
= 769.6 ft^ 
Total rock bed volume required for providing energy of space heating 
and storage energy becomes: 
(vol)p = (vol)g + (vol)y [144] 
= 258228.1 + ,69.6 
151 
= 1710.1 + 769.6 
= 2479.7 ft^ 
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From the above procedure, the dimensions of the rock bed may be 
designed to achieve the heat load and thermal storage as: 
5 ft deep X 10 ft wide x 50 ft long 
Increasing the depth of rock bed tends to increase the heat ex­
change and the effectiveness. Also, decreasing in airflow rate and 
limestone size influence the heat transfer and the effectiveness. 
The mathematical model explained in the previous chapters may be 
applied to determine the coefficient of the exponential function. A, 
and the time lag coefficient, B, as follows: 
1. Rock size used in this design problem has equivalent spherical 
diameter of 0.0676 ft which is considered the smallest size. 
2. The airflow rate per unit area of rock bed is determined as 
fol lows : 
Airflow rate = 880/(10 x 50) = 1.76 cfm/ft^ 
3. Volumetric heat transfer coefficient may be obtained by apply! 
the general equation of set of experiments, equation 94, as: 
h^ = 2.12 (G/Dp)°"543 
= 2.12 (1.76 X 60 X 0.08269/0.0676)°'543 
= 29.70 Btu/hr-ft^.°F 
4. Thermal capacity of air may be obtained by applying equation 
63-a as: 
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c = q Pf 
= 1.76 X 60 X 0.08269 x 0.2403 
= 2.10 Btu/hr °F 
63-c as: 
5. Thermal capacity of limestone can be calculated from equation 
E = 
= 0.55 X 151 X 0.217 
= 18.02 Btu/ft °F 
6. Thermal capacities of limestone and air over the volumetric 
heat transfer coefficient may be obtained from equation 63-b as: 
D = (Ag Pg Cg) (q C^)/hy 
= (18.02)(2.10)/29.7 
= 1.27 Btu/ft^ °F 
7. The angular velocity can be obtained by applying the following 
formula: 
w = 2m/P 
where P is the period of oscillation. In this design problem, P is 
equal to 24 hours which represents the effective solar time and also 
represents nighttime. 
w = 2n/24 
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= 0.2618 rad/hr 
8. The coefficient of the exponential function. A, may be obtained 
by applying equation 72, as: 
A = wfl) E/(w^ + C^) 
= (0.2618)2 (1,27)(18.02)/(0.2618)2(1.27)2 
+ (2.1)2 
= 0.3484 1/ft 
9. The time lag coefficient of sine function may be obtained by 
applying equation 73, as; 
B = 0) C E/(0)2 D2 + [2) 
= (0.2618)(2.1)(18.02)/(0.2618)2(1.27)2 
+ (2.1)2 
= 2.193 rad/ft 
These two coefficients will be used for developing the air temper­
ature output from the rock bed. 
Design an Air-Type Solar Collector 
A mathematical model was developed using discrete Fourier analysis 
to determine the dimensions of the air-type solar collector and con­
trolling the discharge temperature from the rock bed. Several assump­
tions have been made for completing this design problem: 
1. insolation is based on clear day. 
2. The thermal efficiency of solar collector is 65%. 
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3. Thermal properties of air is based on the average temperature. 
4. Solar collector is vertical and facing south. 
Several steps have been applied for sizing the solar collector as 
fo11ows: 
1. A computer program for calculating the discharge temperature 
from a solar collector was applied. Different solar collector areas 
have been assumed to achieve an average discharge air temperature of 
34*F by applying the second step. 
2. The discharge air temperature from the solar collector is con­
sidered the input data for applying the finite Fourier series technique. 
A computer program was applied to determine the coefficients of cosine 
and sine terms. Equations 99, 100 and 101 were used. 
3. The first and second steps were repeated by varying the solar 
collector areas until the average temperature of air was achieved. In 
this design problem, the average discharge air temperature is equal to 
35.3*F for 24 hours observations. The solar collector area was designed 
to be 2 ft^/5 ft^ of rock bed. Tables 23, 24 and 25 show the discharge 
air temperature from the soTar collector and Fourier series coefficients 
for 24 hours period, respectively. 
4. The discharge air temperature from the rock bed was obtained 
by applying the mathematical model and Fourier series coefficients. 
Two steps were introduced as: 
A. Introducing the mathematical coefficients A and B, 
previously explained with conjunction of the Fourier series 
coefficients listed in Tables 24 and 25. The new Fourier 
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series coefficients, A^, , A^, A^, Bp and B^ were obtained 
at first, second and third harmonic terms. Equations 120 and 
121 were applied. The results are tabulated in Table 26. 
B. The final solution for calculating the discharge air 
temperature from rock bed was obtained by applying equation 122. 
The Fourier series coefficients used in equation 122 are listed 
in Table 26. Table 27 shows the discharge air temperature from 
the design rock bed. Firgure 23 shows the temperature of air at 
the inlet and at the outlet of the rock bed for 24 hours period. 
1 1 8  
Table 23- Discharge air temperature from solar collector and least 
squares of Fourier series 
Daytime hour From solar collector By applied Fourier 
" F  series, °F 
1 a.m. - 5.80 
- 5.37 
2 - 5.20 - 4.20 
3 - 4.24 - 3.96 
4 - 3.00 - 5.08 
5 - 1.55 - 5.54 
6 0.00 - 0.96 
7 1.55 13.34 
8 36.76 39.49 
9 86.77 74.70 
10 117.18 111.27 
11 134.72 139.05 
12 p.m. 140.52 149.43 
13 134.72 139.05 
14 117.18 111.28 
15 86.77 74.70 
16 36.78 39-49 
17 1.55 13.35 
18 0.00 - 0.96 
19 - 1.55 - 5.54 
20 - 3.00 - 5.08 
21 - 4.24 - 3.96 
22 - 5.20 - 4.20 
23 - 5.80 - 5.37 
24 - 6.00 - 6.01 
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Table 24. Fourier coefficients of cosine terms 
K A(K) 
0 70.743 
1 -64.398 
2 31.468 
3 - 7.814 
4 - 1.975 
Table 25. Fourier coefficients of sine terms 
B B(K) 
1 17.254 
2 -18.166 
3 7.814 
4 3.418 
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Table 26. Fourier coefficients at different angular velocity 
n 0) A B 
1 CO 3.366 11.183 
2^J^ -3.349 -5.412 
3(1) 1.410 1.326 
4a) 0.609 0.327 
5a) -1.075 -0.253 
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Table 2?. Discharge ai r temperature from rock bed 
Daytime hour Discharge air temperature from rock bed 
°F 
1 a.m. 37.85 
2 38.84 
3 40.19 
4 42.32 
5 45.30 
6 48.58 
7 50.97 
8 51.14 
9 48.25 
10 42.39 
11 34.76 
12 p.m. 27.25 
13 21.68 
14 19.18 
15 19.73 
16 22.40 
17 25.83 
18 28.86 
19 30.99 
20 32.32 
21 33.32 
22 34.38 
23 35.59 
24 36.80 
DISCHARGE AIR TEMPERATURE 
FROM SOLAR COLLECTOR 
DISCHARGE AIR TEMPERATURE 
FROM ROCK BED 
140 
120 
L. 100 
lU ce 
S 
ce 
H 
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- 2 0  
A.M. 
TIME fhr) 
Figure 23. Temperature of air at inlet and outlet of the rock bed during 24-hour period 
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SUMMARY AND CONCLUSIONS 
Studying the dynamic equilibrium thermal behavior of air rock 
storage systems has been activated during the last decades. Most of 
the analysis assumed that the inlet air temperature to the rock bed may 
be constant or step function. This study considers steady periodic heat 
transfer in a rock bed exposed to sinusoidal air temperature variation. 
A mathematical model has been developed to determine the discharge air 
temperature variation with time. One-phase air model linear partial 
differential equation has been developed from the basic phenomena of 
heat transfer. A solution form, to this equation, has been assumed 
which has exponential decay and time lag functions. The constants in 
the solution form have been determined. To verify the validity of the 
mathematical model, an air rock bed storage system, electrical heater 
with temperature control and piping were constructed for providing 
the rock bed with sinusoidally heated air. 
Since the discharge ai r temperature from a solar col lector is time 
dependent, the mathematical model was extended to be applied. Finite 
Fourier series analysis with the first three harmonic terms was applied 
in this analysis. A cam was designed and machined, simulating the dis­
charge air temperature from a typical flat-plate solar collector on a 
clear day. The outlet air temperature from the rock bed could be 
approximated closely by the sum of sine and cosine terms in finite 
Fourier series technique. 
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For applying the mathematical model and Fourier series, design 
procedure in detail has been presented for a full-scale rock bed that 
might be associated with a solar heated calf building. 
Measurements of the pressure drop in the laboratory rock bed storage 
has been made. 
The study led to the following findings and conclusions: 
1. The mathematical model developed can accurately predict the 
discharge air temperature from rock bed in steady periodic response in 
which the inlet air temperature varies as sinusoidal function. 
2. The closed form solution of the temperature variation at the 
steady periodic temperature trend in a rock bed can be approximated by: 
f(X,t) = Te ^ *sin(wt - BX) 
3. Good agreement has been conducted between the measured values 
of temperature gradient in a rock bed and the predicted values obtained 
by the mathematical model. 
4. The values of exponential decay coefficient, A, and lag coef­
ficient, B, equations are valid for applying in the assumed form of 
solutions: 
A = cd^D E/(wf + C^) 
B = + C^) 
5. The steady periodic Input temperature variation has led to a 
steady periodic output temperature variation shifted in phase and 
reduced in the amplitude. 
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6. There Is no significant difference in the time lage of temperature 
variations at constant airflow rate at various particle equivalent spher­
ical diameters. Table 8. 
7. The variation of the sinusoidal temperature amplitude at the 
outlet of a rock bed increases with the increase in airflow rate at 
specific rock size. Table 7-
8. At constant airflow rate and at different particle equivalent 
spherical diameters, the amplitude of temperature variation at the outlet 
of a rock bed decreases with increases in the rock sizes. Table 7. 
9. The amplitude of the periodic temperature variation is inversely 
proportional to the voids of fraction, porosity. Table 7-
10. A Fourier series technique of temperature discharge from a 
typical air type flat-plate solar collector can typically be truncated 
at the third harmonic terms. The improvement after three harmonics is 
insignificant since Fourier coefficients of sine and cosine terms are 
very small. 
11. Simulation analysis using the mathematical model and the discrete 
finite Fourier series technique may be used in the design of an air type 
flat-plate solar collector to evaluate the collector size. 
12. The mathematical model may be extended to specify the rock bed 
dimensions, especially the accurate rock bed height in which the output 
average temperature and the temperature fluctuations are desired. 
13. In design application of the mathematical model, the ratio 
of solar collector area to rock bed volume for providing calf building 
space heating during the 24 hours period at sunny day is 0.40 ft^/ft^ 
of rock bed volume. 
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14. The air pressure drop per unit bed depth across beds of 
limestone can be expressed as function of rock sizes. The small rock 
size tends to increase the pressure drop and fan energy requirement. 
Linear functions are obtained when the airflow rate and modified 
Reynolds number are plotted on logarithmic paper versus the air 
pressure drop for different rock sizes. 
15. General expression describing the friction factor of the 
system as function of modified Reynolds number has been developed. 
The empirical formula for the resistance of the flow is: 
f - 194.1 
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APPENDIX A; EXPERIMENTAL DATA 
The following data were obtained to evaluate the mathematical model 
and the volumetric heat transfer coefficients of rock bed. The experi­
ments were run from March, I98O through July, 1980. The definition of 
the symbols for Tables A-1, A-2, A-3, A-4, A-5, A-6, A-7, A-8, A-9, 
A-10, A-11, A-12 and A-13 are: 
TIME represents the interval time of measurements, minutes 
TIN represents the inlet air temperature to rock bed, °C 
T1, T4, T7, TIO and T13 represent the air stream temperatures, *C 
through the rock bed at different heights, 1, 12, 24, 36 and 47 
inches, respectively. 
T2, T5, T8, Til and Tl4 represent the rock surface temperatures, 
°C, in rock bed at different heights 1, 12, 24, 36 and 47 inches, 
respectively. 
T3, T6, T9, T12 and T15 represent the rock core temperatures, "C, 
in the rock bed at different heights 1, 12, 24, 36 and 47 inches, 
respectively. 
TO represents the output air temperature, °C, from rock bed. 
0 
2 0 
» O 
SO 
30 
1 3 O 
1 2 0  
I t O  
15 0 
ISO 
2 D 0  
22 0 
^4 0 
2 5  0  
23 0 
3D 0 
3 2  0  
3*0 
35 0 
3 3  0  
43 0 
4K O 
4*0 
4 5  0  
4a 0 
5 0  o  
52 0 
54 0 
5 5  0  
530 
63 O 
6 2  0  
64 0 
5 S 0 
6 8 0  
ro o 
A-1. Temperature measurement in rock bed system with flow rate, 
void fraction and equivalent spherical diameter at 18.61 
cfm, 45.96% and O.O676 ft, respectively 
T T N  T t  T 2  T 3  T 4  T 5  T 6  T 7  
15. 0 14. 9 1 5.0 14.9 16. 3 1 6. 3 1 6. 3 16 8 
26. 7 25. S 25.6 26. 0 17 .  3 17 .  2 16.8 16 6 
37. 8 36. 9 34.6 35.8 20 .  9 21 .  0 20.0 16 8 
52. 7 51 .  9 49.2 50.6 27. 1 27. 5 25.8 18 2 
68. 7 68. S >5.5 67.0 37. 4 38. 1 35. 7 21 7 
78. 4 78. m 77.0 73.0 48. 6 49. 7 46. 6 27 0 
81 .  6 82. 4 32.2 82.4 61 .  0 o 2 .  3 59. 2 35 4 
76. 0 77. 9 79.3 73.8 73. 6 71 .  7 69. 3 45 2 
55. 2 68. 1 70.3 69. 1 75. 5 70, 1 74. 9 55 6 
47. 1 48. 7 52.0 50.1 72 .  9 7? .  7 73. 3 65 7 
36. 4 37. 9 40.6 38.9 67 .  9  6(< .  6 68.2 68 9 
27. 0 27. 5 23.4 28.2 56. 4 54 .  i 56. 3 69 4 
23. 9 23. 6 24.0 23.6 42. 5 41 .  1 43. J 64 6 
2 7. 4 26. 8 26.0 26 .4 33. 0 31 .  7 33. 8 56 1 
38. 7 37. 9  35.7 37. 0 2S. 6 ^7. 8 23. 6 45 a 
53. 4 52. 6 4 9. 7 51.3 30 .  7 30. S 29.8 37 a 
50. 6 68. 7 56.0 67.7 39. 0 39. 6 37.5 33 3 
78. 8 79. 2 77.3 78.2 49. a 50 .  G  48.0 34 0 
80. 8 82. 2 32.2 82.3 61 .  6 62. 8 59.8 39 1 
75. 9 77. 7 79.0 78. 3 70. 9 72. 0 69. 6 47 3 
b o .  4 68. 1 70.1 i »  9  . 0 75. S  76. 1 7 4 .  9  56 5 
S O .  9 52. ô  55.7 53. 9 70 m 2  7 4  »  7  6 4  6  
36. 3  38. 1 40.8 39. 1 6 7 .  4  6 6  .  7  6 8 .  4  6 9  3 
26. 2 2 7 ,  2  29. l 27.8 55. 1 5 3 .  3  56. 5 6 9  6  
23. 3 2 3 .  6 24.0 23.6 4 1  . 2  4  1 .  7 4 4 .  5  6b 3  
2 7 .  2  2 6 .  8 26.0 25. 3  3 3  .  2  3  1 .  9 3 4 .  l  5 6  5 
3 8 .  2  3 7 .  3 35.1 36.5 2 % .  7  2 7 .  9  2 8 .  8  4 6  6 
52. 7  51 .  a 4 3 . 0  5 0 . 4  3 3  .  6  3 0 .  3  2 9 .  7  38 3 
6 8 .  1 6r. 5 5 4 . 5  65. 1 3 8 .  2  3 8 .  6  3 6 . 6  33 6  
? 3  .  5 78. 8  75.9 78. 0  4 9 .  6  50. 6  4  7. 7 3 4  0 
81 .  2 3 2 .  2  • 3  2 . 1  8 2 . 2  6 1  .  8  6 3 .  1 6 0 .  1 3 9  4  
75. 9  77. 9 r g , 2  7 8 .  4  7 1  .  0 7 2 .  1 6 9 .  8  4 7  6 
66 .  5  68. 3  7 0 . 2  6 9 .  1 7  3  .  6  7 6 .  2  7  5 . 0  5 6  8  
5 1 .  3 3 2  .  7 5 5 .1 5 4 . 2  7 4  .  3  7 4 .  3  7 4 .  5  6 5  0 
36. 3 3?. 4  4 3 . 2  38.5 6b .  y 6 6 0  2  6 7 . 9  6 9  7  
26. 9 27. 6 29.5 28. 2 5 5  .  5  5 4 .  2  56.9 69 S 
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T e  1 9  T 1 0  T  l  1  
1 6 . 4  1 6 . 8  1 3 . 2  1  H, l  
1 6  « O  1 6 .  6  1 7 . 4  1  / .  . 5  
1  6  .  f ï  1 6 .  H  1 7 . 1  1  7 .  0  
l  7 .  8  i / . y  1 6 . 9  1 6 .  ï l  
2  0 . 9  2 0 . 7  1  7 . 1  l  7 .  0  
2 5 . 7  2 5 . 4  1 3 . 0  1 6 .  1  
3 3  . 4  3 2 .  0  2 0 . 2  2 0 .  'i 
4 a  . 8  4  2 . 0  2 4 .  1  2 4 .  J  
5 3 .  3  5 2 .  3  3 0  .  J  3 1  .  t  
6 3  . 9  6 2 .  9  3 < > .  3  4  1 .  J  
5 7 . 9  6 7 . 0  4 - 5 . 2  4  7 .  1  
6 9 . 4  6 9 .  0  5  3 . 2  5 4 .  J  
6 5  . 9  6 5 . 9  5 ' . 5  6 0  .  
5  6 . ?  s u . e  6 ^ . 7  6 3  .  3  
4 W . 4  4 9 . 2  6 2 . 5  6 2 .  1  
3 9 . 9  4 0 . 7  5  3 . 9  5 7 .  6  
3 4 . 4  3 5 . 0  5 2 . 6  5 0 .  7  
3 3  . 9  3 4 . ?  4 6 . 3  4 4  .  3  
3 7 . 9  3 7 .  j  4 0 .  9  3 9 .  3  
4 5 , 3  4 4 . 3  3 4 . 4  3  7 .  S  
5 4  . 4  5 3 . 5  3 9 .  1  3 9 .  2  
6 2  . M  6 1  . 4  4 3 . 0  4 3 .  ; 
6 8 . 2  6 7 .  4  4 8  .  6  5 0 .  3  
6 9 . 7  6 9 . 3  5 5 . 4  5 6 .  3  
6 6 . 4  6 6 .  5  6 0 . 5  6 1  .  7  
5 8 . 8  5 9 . 2  6 3 . 6  6 4 .  2  
4 9 . 2  5 0 .  l 6 3 . 3  6 2  e 9  
4 0 . 5  4 1 . 4  5 9 .  7  5 6 .  4  
3 4  . 9  3 5 . 5  5  3 . 7  3 1  .  3  
3 4 . 0  3 4 .  3  4 o  .  d  4 4 .  7  
3 U . 2  3 8 . 0  4 1 . 1  3 9 .  3  
4 5  . 7  4 5 .  1  3 3 . 5  3  7 .  7  
5 4 . 7  5 3 .  B  3 9 .  4  3 9 o  5  
6 3  . 2  6 2 . 3  4  3 . 4  4 4  .  3  
6 b . 7  6  1 . 0  4 9 .  j  5 0 .  V 
6 9 . 9  6 9 . 5  s a . y  5 7 .  2  
2  T  1  3  1  1  4  T 1  5  T U  
0 1 9  3  1 9 .  3  1 9 .  3  1  9 .  S  
2  1  ti o 1  t i .  /  1 3 .  7  1 9 . 0  
3  1  1 1  J  1 0 . 2  1 3 .  0  1 3 .  7  
ô  1 7  6  1 7 . 7  1 7 .  6  l a .  3  
9  1 7  2  1  7 .  3  1 7 .  2  1 7 . a  
0  1  /  2  1 7 . 2  1 7 .  2  1 7 . 6  
7  1  7 3  1 7 . 6  1  7 .  o  1 7 . 5  
1  1  9  2  i a . 7  1 3 .  6  1  7 . 6  
3  2 1  9  2  1  . 0  2 1  .  4  1 S . 2  
6  2  7  4  2  5 . 3  2 5 .  3  2 0 . 0  
3  3 1  6  2 9 . 6  3 0 .  5  2 1 . 7  
6  3 b  5  3 6  .  l  3 7  .  2  2 5 . i  
9  4 5  « 4 3 . 2  4 4 .  5  2 3 .  9  
fl • 3 2  0  4 y . 7  5 0 .  H 3 3 . 3  
l  5 6  3  5 b  . 0  5 9  .  3  3 8 . 3  
2  5 8  6  5 7 . 9  5 3 ,  5  4 1  o 9  
0  5 3  J  5 8 . 3  S 3 .  3  4 5 . 8  
4  5 4  y  5 6 . 1  5 3 .  6  4 8 . 0  
' j  5 0  1  5 2 . 0  5 1  .  3  5 1  . 4  
0  4 5  2  4 7 . 4  4 6 .  5  4 9 . 4  
0  4 1  5  4 3  . 3  4 2 .  6  4 6 . 5  
1  4 0  2  4 1 . 2  4 0 .  3  4 3 . 5  
4  4 1  4  4 1 . 4  4 1  .  4  4 1 . 2  
4  4 5  1  4 4 . 0  4 4 .  5  3 3 . 9  
. 3  4 9  7  4  e t .  1  4 8 .  6  3 9 . 3  
5  5 4  7  5 3 . 0  5 3 .  3  4 1 . 2  
0  5 6  5  5 7 .  1  5 7 .  3  4 3 . 3  
1  6 0  2  5 9  . 5  <5  ^.  •J 4 6 . 2  
1  5 9  4  5 9 . 6  5 9 .  6  4 8 . 8  
J  a  f .  7  .  l  5 6  .  7  5 1 . 9  
7  5 0  6  5 2 . 6  5 1  .  9  5 3 . 1  
2  4 5  5 4 7 . 3  4 5 .  9 5 0 . 4  
4 4 1  a 4 3 - 6  4 « t  «  a 4 7 . 3  
3 4 0  5  4  1 . 5  4 1  .  0  4 4 .  1  
4  4 1  9  4 1 . 3  4 1  .  6  4 1  . 5  
3  4 5  4  4 4 . 4  4 *  .  9  3 9 . 4  
T  1  
13 . 
17. 
1 5 .  
I f ) .  
1 6 .  
1 4 .  
2 0 .  
2 3 .  
31 . 
4 1  .  
4 /  .  
S'i. 
61 .  
A3. 
6? . 
57 . 
30, 
4 3  .  
3fJ. 
3 7 .  
39. 
44 . 
50 .  
5 7 .  
62 .
6 + . 
6  3  .  
58. 
5 1  .  
4  3  .  
3A. 
37. 
3 9 .  
«*4 . 
51 . 
57. 
Table A-1. Continued 
T I M F  TIN T1 T2  T3  T4 T5  T6  T7  
720  22 .4  22 .4 22 .8  22 .2  42 .  4  40 .  9  43 .7  64 .9  
7*0  25 .  4  24 .  8  24 .0  24 .3  33 .2  31  . 8  34 .2  57 .2  
75  0  36 .  5  35 .  8  33 .2  34 .5  27 .6  26 .8  27 .8  46 .6  
73  0  51  . 3  50 .  3  47 .5  49 .1  29 .  0  28 .8  28 .2  38 .0  
90  0  66 .  4  65 .  7  52 .8  64 .4  35 .  O 36 .4  34 .5  33 .0  
82  0  76 .  9  77 .0  75 .1  76 .1  47 .0  43 .0  45 .2  32*  
8*  0  80 .4  81 .0  80 .7  81 .0  59 .  8  61 .  0  58 .0  37 .5  
85  0  74.6 76.6 77 .9  77 .2  69 .4 70 .5  68. 1 45. e 
89  0  65 .  1  67 .  1  69 .1  69 .0  74 .2  74 .A 73 .3  55. 1 
990 50 .2  51.9 55 .0  53 .  1  73 .2  73 .  2  73.3 63.2 
920 35 .  t 36 .  6 39 .2  37 .5  65 .1  65 .3  67 .0  68 .  t 
94  0  25 .  8  26 .6  28 .5  27 .3  54 .  4  53 .2  55 .9  68 .0  
95  0  22 .2  22 .  4  22 .9  22 .4  42 .0  40 .6  43 .5  64 .2  
930  25 .  5  24 .  5  23 .7  24 .  0  32 .4  31 .1  33 .4  55 .  9  
1  00  0  36 .  0  34 .  6  32 .0  33 .  2  2F .3  26 .5  27 ,5  45 .  9  
1020  50 .  5  49 .  4  46 .3  47 .9  23 .  4  26 .2  27 .7  37 .2  
1  o t o  65 .9  65 .4  52 .3  63 .9  35 .  4  35 .  9  34 .0  32 .2  
î Û5 0 76 .  9  77 .  3  R5 .a 76 .  3  45 .3  47 .2  44 .»  31  . 9  
1 030  80 .  8  ai. 5 80 .8  91 .2  53 .  3  59 .6  56 .5  36 .3  
t  t o o  74 .  3  76 .3  77 .7  77 .  0  64 .9  70 .0  67 .5  44 .3  
1*20  65 .  1  66 .  9  59 .1  67 .9  73 .8  74 .5  73 .  1  53 .8  
11 to 48 .  S  50. 9 54 .4  52.5 73 .0  72 .9  73 .0  62 .4  
115  0  34 .  8  36 .  3  39 .0  37 .4  65  .  0  65 .  3  67 .0  67 .4  
1 130  30 .9  31 .1  3  1  . 7  31 .2  54 .  1 52. a 55 .  5  68 .2  
136 
T8 T9 Tl 0 Tll Tl 2 Tl 3 T14 TIS, TO 
66.1 66.2 61.3 62.4 62.9 50.5 4 8.9 49.7 39. 7 
59.3 59.9 63.8 64.4 64.9 5<^. 9 53.2 54. O 41.1 
49.3 50.2 63.5 63.1 63.2 56.9 57.5 58.2 43.6 
40 .3 41.3 60.0 58.3 58. 4 60.5 59.8 60.2 46. 1 
34.4 35.1 54 .2 52.3 51 .6 59.7 60.0 60. O 48.5 
32.8 33.2 4r.4 45.2 44.3 56.4 57.6 57.2 SI .6 
36 .4 36.3 41 .0 39.3 38.4 31 .0 S3. 1 52.2 53.3 
43.8 43.3 37.9 36.9 36.3 45.6 47.9 47.0 50.8 
52.8 52.0 38.2 38.2 38.0 41 .5 43.5 42.6 •7.5 
61.3 60.3 41 .8 42.S 42.8 39.3 40.9 40.4 44.2 
67.0 66.3 47.6 49.3 49.4 40. 7 40.8 40. e 41.4 
68.5 68.1 54.0 55.» 56 .  0 44.0 43.1 43.4 39.1 
65.3 65. 3 59.4 60.5 61 .  i 4 a. 7 47.1 47.a 39. 1 
58.0 58.6 62.4 63.3 63.3 53.4 51.7 52.6 40.2 
46.5 49.4 62.3 62.0 62. 0 57.3 55.9 5b .6 42.6 
39 .5 40.4 53.8 57.6 57. 2 59. l 58.3 58.8 45.0 
33.7 34.4 32.9 51 .1 50 .  f 56.3 58 .6 58.6 47. 1 
32 s 1 32-5 46 -.? » t 5î> - 2 55 s 50 s 8 
35.3 35.2 40 .5 38. 3 37.9 50 .  4 52.3 51.6 52.4 
42.8 42.2 37.2 36.2 35.o 44. ( i  4  7 .1 46.5 49.9 
51.6 50.8 37.3 37.3 37. l 40.8 42.8 41.9 46. 7 
60.4 59.4 40. 8 41.5 4 1 . 4  39.0 40.2 39.7 43.5 
66.3 65.4 46.4 47. 7 48. 2 39. 8 39.9 39.8 40.8 
68.1 67. 7 53. 1 54.5 55.2 43.1 42.2 42.6 38.8 
Table A-2. Temperature measurement in rock bed system with flow rate, 
void fraction and equivalent spherical diameter at 27.21 cfm 
45.96% and 0.0676 ft, respectively 
rme TIN RI  T2  T3  T* TS T6  RR 
0 15. 7 15.6 1 5.6 15.6 15. 4 15. 3 15.2 16. 2 
20 24. 8 24. 3 23.5 24.0 17. 1 17. 0 16.5 15. 3 
40 34. 1 33. 2 31 .2 32.2 21 .  2 21 .  3 20.4 16.6 
60 46. 8 46. 5 44.2 45.4 28. 4 28. 6 27.0 19. 3 
30 60. 6 60. 8 59.1 60.2 39. 3 39. 6 37.4 24.6 
10 0 70. 5 71. 3 70.0 70.7 51 .  5 52. I 49.6 32.7 
120 75. 0 75. 7 75.2 75.4 62. 2 62. d 60.6 42.5 
140 72. 3 73.3 74.1 73.7 69. 8 70. 3 68.8 53.2 
160 65. 3 66. 5 67.7 67.0 72. 2 72. 3 71.3 62.3 
130 53. 2 54.2 56.3 55.0 63. 9 68. 7 69.2 67. 7 
20 0 40. 3 40. 6 42.7 41 .5 63. 5 60. 1 61.6 68.3 
22 0 30. 4 30. 7 32.2 31.3 49. 0 48. 3 50.4 64.0 
24 0 26. 4 26. 1 26.6 26.2 38. 0 37. 3 39. 1 55. 6 
25 0 23. 3 27.9 27.4 27.6 30. 5 30. 0 31. 1 45. 4 
230 36. 6 36. 2 34.4 35.3 23. 7 28. 3 28.4 36.8 
300 48. 6 48. 6 46.4 47.5 32 .  S 32. 7 31.6 32.0 
32 0 61. 4 61.7 59.7 60.6 41 .  9 42. 2 40.3 32.2 
34 0 71 .  0 71. 7 70.4 71.0 52. 9 53. 4 51.1 37.3 
36 0 75. 0 75. 9 75.5 75.7 63. 4 64. 0 61.9 45.3 
33 0 72. 3 73.6 74.3 73.9 70 .  6 71 .  0 69.6 55.6 
49 0 65, 7 66s7 58,0 67.? 73- 7 72- a 72-4 63-T 
42 0 54. 0 54. 1 56.2 55.0 69. 2 69. 0 69.6 68.6 
44 0 40. 4 41.0 43.2 41.9 61 .  1 60 .  6 62.2 69.0 
46 0 30. 8 31.5 32.6 31.6 49. 5 48. 8 50. 9 64. 7 
48 0 25. 0 26. 1 26.6 26.2 33. 3 37. 6 39.5 56.3 
50 0 28. 6 28. 1 27.6 27.8 30. 5 29. 9 31.0 45.4 
52 0 36. 6 36.3 34.6 35.3 28. 8 28. 4 28.5 37. 0 
54 0 48. 9 49.2 47.1 43.2 33. 2 33. 1 32.0 32.0 
56 0 61 .  2 61.3 59.3 60.4 41 .  8 42. 0 40. 1 32. 3 
53 0 71. 0 72.2 70.9 71.6 53. 7 54. 2 51.9 37.9 
63 0 75. 2 75.9 75.5 75.3 63. 2 63. a 61.7 45.6 
62 0 72. 7 73. 7 74.4 74.0 70. 5 70. 9 69.5 55.3 
64 0 65. 6 66. 6 63.0 67.2 72. 7 72. Q 72.4 63. 6 
66 0 53. 6 53. 7 56.0 54.7 69 .  1 68. 9 69.5 68.6 
63 0 40. S 41. 1 43.2 41.9 61 .  1 60. 6 62.2 69. 1 
70 0 30. 9 30. 6 32.5 31.5 49. 4 48. 7 50.8 64.8 
72 0 26. 2 26. 2 26.6 26. 2 38. 2 37. 6 39.4 56.3 
138 
Ta T9 T 10 Tll T12 T13 T14 T1 5 TO 
16.3 16. 3 17. 3 17.2 17. 1 17.7 17.7 17 7 17.8 
1 5.8 15.9 16.7 lf>.6 16. 3 17.4 l 7. 3 17 4 17. 7 
16.4 16.4 16.3 16.2 16. 0 17.0 17.1 17 1 17.5 
18.7 18.6 16.3 16.2 16. 2 16.6 Ifc. 7 16 7 1 7.2 
23.6 23.4 17.5 17.5 17. 3 16.U 16.6 16 6 16.9 
31 .2 30.8 20.2 20.5 20. 7 17.5 l 7.3 17 3 16.8 
40 .6 40. 1 25.0 25.S 2-ï. J 19.7 19.2 19 3 17.2 
51.4 50. 3 32.3 33. 3 33. 7 23.8 22 .9 23 1 18.9 
60.8 60.3 41.3 42.4 43. 1 30.0 26. 7 29 1 22.O 
60.9 6b.4 50.4 51.3 52. 2 37.6 36.0 35 6 26.9 
68.4 68.2 57.9 58.9 59. 5 45. 7 44.0 44 6 34.2 
65.1 65.1 63.0 63. 5 63. 9 53. 1 51.6 52 2 40.2 
57.4 57.7 64.2 64.2 64. 3 58.7 57.5 53 0 47. 1 
47.5 48.0 61 .3 60.5 60 .  3 61.2 60 .8 61 0 52.8 
38.5 39. 0 55. 1 53.8 53. 2 60.2 60.4 60 5 56.3 
32.9 33.2 47.2 45.7 44. •f 55.8 56.9 56 7 57.2 
32.1 32. 1 39.8 38.3 37. 7 49.3 50 .8 50 4 55.2 
36.3 36. l 35.5 34.7 34. 2 42.6 44.3 43 a 50.9 
44 .2 43.8 35.2 35.0 34 .  9 38.1 39.4 38 9 45.6 
53 .9 53. 3 39.0 39.4 39. 7 36 .  6 3 7.2 35 9 40.8 
62 .3 61.8 45.6 46.3 45. J 33.7 38.4 38 4 38. 2 
67.9 67.5 53.2 54.2 54. 3 43.6 4 2 . 6  42 9 38.5 
69.1 68.9 59.9 60.7 61 .  2  49. 8 48.5 48 y 41.3 
65.8 65.8 64.3 64.3 65 .  l 55.y 54.7 55 1 46.0 
58.0 58.3 65. 3 65.2 65. 2 60 .  6 59.7 60 0 51.2 
4 / .4 48.0 61 .9 61.S 63. 3 62.7 62.4 62 6 56.0 
38.7 39.2 55.7 54.4 53. r 61 «3 61 .6 61 6 58.6 
32.9 33.2 47.3 45.7 44 .  8 56.4 57.5 57 3 58.9 
32.2 32.3 40.3 39.0 38. 2 50.1 51.7 S I  3 56.6 
36.8 36.6 35.7 34.9 34. 4  42. 9 4 4 . 6  4 4  1 51. 7 
44.1 43. 7 35.4 35.2 35. 3 33.5 39.8 39 4 46.6 
53.6 53. l 39.0 39.4 39. 6 36.2 37.5 37 2 41.5 
62.2 61.6 4 5 . 4  46.3 4 6 .  8 38 = 3 33 o 5 38 3  38.7 
68.0 67. 5 53. 3 54. '* 54. 9 43.8 42.9 43 1 38.8 
69 .1 68.9 59 .  6 60.5 61 .  0  49.6 48.3 48 7 41.4 
65.8 65.8 64.2 64.7 65. 0  5J.8 54.6 5 5  0 46.0 
58.0 53.4 65.2 65. 1 6 3 .  2  6 0  e  6  59=7 60 o  0  51,3 
I  
0 
?. 0 
o 
6 0 
3 0  
I 3 0 
1 2 0  
1  4  O  
1 5 0  
I S 0 
23 0 
? 2  O  
2 4  O  
2 5  0  
?3 0 
3 0  O  
3 2  O  
3 ^ 0  
?50 
3d 0 
43 0 
O 
44 0 
4  5  0  
4 9 0  
5 3  O  
5 2  0  
54 0 
55 0 
590 
63 0 
6 2  O  
ôa o 
6 5  O  
6 3  O  
A-3. Temperature measurement in rock bed system with flow rate, 
void fraction and equivalent spherical diameter at 35.6? 
cfm, 45.96% and O.O676 ft, respectively 
T I N  T l  T 2  T 3  T 4  TS Tô T 7  
1 3. 4 1 3. 5 14.0 13.7 14 5 14. 5 14.3 14. 
26. 9 2 7. U 26.4 26.6 18 8 18. 7 17.8 15. 
37. 3 37.1 35.4 35.4 2 J 6 25. 6 24.4 18. 
32. 3 52. 5 50.3 51.4 35 3 35. 3 33.6 24 .  
67. 8 68. 2 55.2 67.3 4 3 7 48. 46.6 32. 
4 80. 2 7j.O 79.6 63 1 6 J. '+ 6 1.0 44 .  
33. 6 84. 5 83.9 84.1 74 7 75. 1 73. I 57. 
77. 7 79. 4 30.6 79.8 80 5 90 .  a 7 9. 3 69 .  
6b. 6 69. 7 7 1.0 70.2 79 0 7 >. 0  79. 3 76. 
52 .  5 53. 5 55.0 54.4 70 8 70. 6 71.9 72 .  
3 7. 5 38. 1 40.0 33.7 56 8 50. 5 58.5 71 .  
27. 7 2 7. 6 29.0 28.2 42 0 4 1 .  5 43. 6 bO .  
23. 6 23. 7 24.0 23.8 31 0 30. 6 32. 1 46 .  
27. 0 25.6 26.2 26. 3 25 9 25. 6 26. 1 35. 
3 7. 5 36. 9 35.3 36.0 27 3 27. 0 26.6 28. 
52. 1 52. 0 50.0 51.2 35 7 35. 7 34. 1 28. 
67. 5 67.6 55. 7 6îi.3 4-3 4 43. 6 46.4 34. 
79. 4 80. 0 78.6 79.3 62 7 63. I 60.6 44. 
93. 7 84.6 33.9 «4.0 74 5 7 4 .  9 73. 0 57. 
77. 9 79. 4 30. 5 80. 0 UO 4 80 .  7 79. 7 68 .  
53. 9 69. 8 7 1 .2 70.3 79 2 7 9 .  2 7 9. 4  76. 
62. 7  52. S 5*.S 33 .  4 7  0  7 3, 0 7  1-4 77 = 
37. 6 37. 9 3  9 .  a  38. 5 36 8 00 .  3 53. 3 71 • 
27. 7 27. 7 28.9 28.2 4 1  9 4 1  .  5 43.6 60. 
23. 8 23. 7 24.0 23.3 31 0 30 .  5 32.0 4 6 .  
27. 0 26. 6 26.2 26.3 25 9 25. 5  26. 1 35. 
3 7 .  4  36. 8 15.0 33.0 27 2 26 .  9 26. 5 29. 
5 1  .  4  51.4 49.6 50.7 35 4  35. 3 33. 9 28 .  
b 7 .  0 67. 4  55.5 6 6  .  4  4 3 2 48. 5 4 6 .  3 34 .  
7H. 6 7 9 .  7  7 8 . 4  7 9 .  1 62 3  62. 7 60.3 44 .  
63. 2 A 4 .  1  3 3.5 83.6 7 4  0 7 4  .  4 7 2 .  5 57. 
77. 3 7 9 .  8  79.8 7 ) . 2 83 0 80 .  2 79. 3 68 . 
5a. 2 6 9 .  0 7 0 . 4  69.6 78 7  78. 6 78.9 75 .  
51 .  9  52. 7 )5. 0 53. 6 7 0  4  T O .  2 7 1 . 3  7 t >  .  
36. 2 36. 5 38.4 37.3 55 5 56. 0 5 8 .  3  7 1  .  
26. 4 26. 4 2 7.6 26. 3  4 1  3 4 0 .  8 43.1 60 .  
2 
t 
2 
1 
9  
5 
3 
I 
I 
2 
5 
3  
a 
6 
9 
5 
3 
B  
5 
S» 
3 
3  
6 
3 
6 
6 
0 
4 
2 
5  
O 
5 
7 
9 
3  
4 
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7  9  T 9  r  I  c )  T  1  1  T  l  2  T  1  j  T 1 4  r  i  5  T û  
1  4  I  1 4 .  ) 1 3  1 3  d  1  j .  /  1 <+. 0 I f  .  0  1 3 .  y  1 4 . 0  
1  4  >•) 1 4  . 6  I  4  I  1  4  1 1 4 .  )  1 4 . 2  1  4 . 1  1 4 . 0  1 4 . 0  
J 7  1 7 .  !.v 1 4  à  1 4  ' 3  1  + .  /  1  4 -  . 4- 1 4 . 3  14. 3  1 4 . 2  
a  3  0 2 2 .  y  I o H  l Q 1 / .  J  1  3  .  2  1 '3. 0 1 6 . 0  1 4 . 4  
31 4  3 1  .  0 2 !  0  2  1  2  l .  ô  l / . t  1 /- . .3 17. 0  1 6 . 2  
t. 4 2  .  1  2 /  7  2  3  P  3  .  - 1  2 1 . 3  2  0 . 3  2 0 .  a  1  7 . 2  
'jfi 4  r>4. H  J  /  0  3 /  7  3  i  ,  2 /  2 ^  . 4  ? o  . V  2 0 . 8  
6 7  0  f ) t ;  .  V  4  i  5 4'; • î  3 3 . 2  3 u .  7 3  4 . 3  3:> . 4 2 6 . 5  
7 5  3  7'^. ?> ' 4  ÔJ 6 1 , ?  4  - >  .  j  4 4 . 6  4 3 . 3  3  » .  2  
7 7  3 7 7 .  I 4  o v  6 y . ci f. /  .  J ••} ' •*» A  S?» .  6 4  3 .  3  7? 7  7 ?  .  M 7  )  2  7 3  "i 7  <  .  1  6 j .  f  ri 4 . 0 6 4 . /  5 2 . 3  
3 0 2 .  y  7  (  C >  7^ l  7 1 .  V  /  0 .  2  u'->,.î c J .7 6  0 . 2  
4 y  1  4 9  .  6  6 J 9  64 '•) 64 ,  2  6 V .  U  7 0 . 1  70 . 2 6 3 . 0  37 4  37. 9 '.j:î 6 5 4  ,.> 5 3 .  1  o 4  .  6  . 0  63 . o 6 6 . 0  
2 V  H 3 0 .  2  4 4  2 4 2  4 1 .  j  ô'-i. 1 i r. 4 S b .  7  6 2 . 6  
7>.ii 4  2 d .  % 3 5 ? 3 4  1  3  7 .  3  4 4  .  i  4  /  .  4  46 . l. 5 3 . 6  
3 3 ? 33 . 0  3 1  1  30 i 30. 1  3c> .  y ?  H  .  V  33.Z 4 7 .  1  
43 1  4 2  .  7  3 2 *•> 3 ^  ,' 3 2 . 3  32 . •> 1 4 .  0  3 3  .  6  3^. 3 
y u  A 5'j. 0  3 ) 1  .i-> y 4 0 . 2  3 4  .  u  3 3  .4 .)3 .  t» 33.0 
•>7 .3 16. 7 4  J  • y  3 6 J .  6  39. o 3 H.  : Î 3 H .  6  3 5 .  0  
7'. J, - 1  7 5 .  0 (,0 0 6 0  .» 61 ,  i  4 -3 . o •4 6. a 4 7  .  4  3 y . 3  f  f  r  f  . J. 6  V  3 ro j / J . u  6  : >  . r  6 c . f t>/ . 4 4  7 . 0  
7 2  a 7 2  .  J 75 6 7 3 } 7  t .  2  Oty . 3 6 4 . y  6.3 . C» S'-i. 0 
62 4 6 ?  .  S  7 2  7 72 i 7 . )  .  l  / :).C. 7 . . 0  7 0  .  4  6 2 .  0  
4 r t  y 4 ' J .  b 6'.> 0 6 5  J 6 + .2 / O . j  f O . i )  7 3  .6 6 6 . 4  
y? 3 r .  4 5"^ 7  5* 2 5  1 . 2  6* « o 6 o .  3  66. ' 6 6 .  7 
3  0  0 30. j  4 4  o 43 1  4 2 .  0  51;. . /• 3 7 . V  5 f . 2  6  3 . 3  
2 ci 4  2 8 .  4 3  i  34 3 3 3  . 5  4  J  .  3  4 / . 6  4 7  .  1  5 6 . 2  
2 5 5 ,  0  31 2 3 0  '.1 3 ) . 2 3 / . 0  3 v . O  33 . 4 4  f  . 3  
4 ?  i i  4 2 .  4  3 ? b  32 ) 3 y . 7 3 3 . O  3 4. .  1  33. 7 3 9. a 
Sb 0 5 4 .  5 3  j  4 3-i 4  3 V .  i  3  »  .  0  3et. ci 3 3 . 7  35. 3 
6 7  0 •St>.  4  4 .) 7  4 9 .> 6 0 .  i .  •  3  33 .  f. 3 5 . 0  
7 4  b r 4 .  4 ">•< 3 60 : > i.  i 4o * J 4(, .  1  4-i . 6 3ci. •> 
/  7  ') 76 . ^5 6 i 2 6t' •j 6 - >  .  6 6 7 .  4 , . 4  5r> . 1 4:3. 0 
m 7 2 .  8 / 0 73 2 7 3 .  ?  t.-3 . 4. '.. :>. ti u u . 53. .i 
*>c; 4  6 2  .  a 7i  4  7 2  1  7 1  .  i  7 U .  1  6 V . 2  6 y  .  o 6 1 . 0  
Table A-3. Continued 
TIME tin Tl T2 T3 14 T5 T6 T7 
72 0 22. 7 22.5 22.7 22.4 30 .  2 29. 7 31.3 46.9 
74 0 25. 9 25. 6 25.0 25.2 24 .  7 24. 3 24.8 34. 7 
75 0 36. 9 36. 6 3 4. 7 35.5 26. 2 26. 0 25.5 27 .8 
73 O 52 • 7 52.5 50.4 51,5 35. 2 35. 2 33.5 27. S 
aoo 67. 0 67. 2 55.2 66. 3 4/ .  4 47. 7 45.4 33.0 
82 0 79. 1 79. 7 78.3 79.0 62. 0 62. 5 60. 0 43.8 
84 0 32. 9 83.3 33.4 A3.5 7X  .  4 74. a 72. 9 57. 1 
85 0 77. 7 78. 8 30.0 79.3 79. 9 SO. 2 79.2 68.2 
33 O 67. 7 66.7 70.2 69.2 78. 6 78. 5 78.3 75. / 
90 O 5 t .  9 52.9 55.3 54. 0 70. 8 70. 5 71.8 77.0 
92 0 36. 0 36. 8 38.7 37.5 55. 7 36. 4 58. 6 71.8 
94 0 26. 5 26.6 28.0 27. I 42. 0 4 1. 5 43.3 61 .1 
950 23. 4 22. 8 23.3 23.0 33. 5 30. 0 31.6 47.2 
142 
T8 T9 Tl 0 Tl 1 T12 TI3 T14 TIS TO 
*9.2 49. 8 66 .  4 65.4 64.7 70.0 70.2 70.3 65.3 
36.5 37. I 55.5 54. 3 53.0 64.7 66 .0 65.8 66.5 
28.7 29.1 43.7 42.2 41 .0 55. 1 57. 3 56.7 62.9 
27.3 27.4 34.2 33.3 32.2 44.3 46.a 4b. 1 55.5 
32 .0 31. 7 30.2 29. 3 29. 1 36. 3 38. 5 37.9 47.4 
42 .1 41.7 31 .4 31 .5 31.6 32. 1 33.2 32. 7 39.2 
55.2 54.6 38.3 38. 9 3y.4 33.2 32.9 32 .9 34.3 
66.5 65.9 47.9 48.8 49.6 38.5 37.3 37.6 34.2 
74.8 74. 3 59.0 59.9 60.3 47.4 45.6 46.1 38.2 
77.0 76.8 67.6 68 .»  69.1 56 .6  54.6 55.3 *5 .0  
72.8 73. 0 72.8 73.1 73.4 64. 9 63.3 63 .8  S3 .2  
63.1 63.5 72.5 72.3 72.2 69. 7 6fct. a 69.2 60.2 
49.5 SO. 1 66 .  6 65.r 65.0 ro.u 70.2 73 .3 65.3 
Table A-4. Temperature measurement in rock bed system with flow rate, 
void fraction and equivalent spherical diameter at 27.00 cfm, 
'• "J ft j_j*esgect ively' . 
TIME TIN TL T2  T3 T4  T5  T6  
0  1 5 .  2  1 4  9  1 4 . 6  1 4 . 8  1 4 .  0  1 3 .  9  1 3 . 6  1 3 . 9  
2 0  2 4 .  5  2 4  2  2 3 . 3  2 3 . 8  1 6 .  2  1 6  .  0  1 5 . 4  1 4 . 2  
% 0 3 3 .  2  3 3  2  3 1 . 0  3 2 . 0  2 0 .  9  2 1  .  0  1 9 . 9  1 5 . 3  
s o  4 6 .  0  4 6  4  * 3 . 8  4 5 .  3  2 3 .  0  2 8 .  1  2 6 . 6  1 8 . 3  
3 0  6 0 .  3  6 0  4  5 3 . 3  5 9 .  3  3 3 .  4  3 8 .  7  3 6 . 5  2 3 . 5  
I S O  7 0 .  4  7 0  6  6 9 . 4  7 0 . 2  5 3 .  4  5 1  .  0  4 8 .  4  3 1  «  1  
1 2 0  7 4 .  6  7 5  8  7 5 . 0  7 5 .  3  6 1  .  6  6 2 .  3 6 0 . 0  4 1 . 0  
I X O  7 1 .  7 7 3  6  7 4 . 3  7 3 . 9  5 9 .  3 6 9 .  a  6 8 . 2  5 1 .  S  
1 6 0  6 5 .  6  6 6  8  & 3 .  1  6 7 . 4  7 2 .  0  72. 1  7 1 . 6  6 0 . 6  
1 3 0  S 3 .  9  5 4  9  5 7 . 0  5 5 .  7  6 9 .  3  6 9 .  2 6 9 . 6  6 6 . 7  
2 0 0  4 0 .  a 4 1  2  4 3 . 5  4 2 . 2  6 1  .  5  6 1  .  0  6 2 . 5  6 8 .  I  
2 2 0  3 1 .  0  3 1  3  3 2 . 8  3 1 . 8  5 0 .  2 4 9 .  5  5 1 . 6  6 4 . 7  
2 * 0  2 5 .  0 2 6  1 2 6 . 6  26.2 33. 8  3 8 .  0  4 0 . 0  5 6 . 9  
2 5 0  2 8 .  0 2 7  7 2 7 .  1  2 7 . 3  3 0 .  9  3 0 .  4  3 1 . 6  4 6 . 9  
2 9 0  3 6 .  1 3 6  4  3 4 . 2  3 5 . 0  2 3 .  6  2 8 .  3 2 3 . 5  3 7 . 5  
300 4  8 ©  i  4 3  I  4 5 . 9  4 7 . 0  3 2 .  4  3 2 .  4 3 1 . 4  3 2 . 3  
32 0  60.  8  6 1  2  5 9 .  1  6 0 .  1  4 1  .  1  4 1  .  4 3 9 . 3  3 1 . 8  
3$0 70.  6  7 1  2 , 3 9 . 3  7 3 . 5  52. 0 5 2 .  5  5 0 . 3  36. 3 
3 6  0  7 4 .  9  73 7  f s . o  7 5 . 3  6 2 .  2  6 2 .  8  6 0 . 6  4 4 . 0  
33 0  7 2 .  6  7 3  5 7 4 . 6  74.2 6 9 .  7 70. 3 6 8 . 8  5 3 . 6  
4 3  0  6 0 .  9 6 6  8  5 8 . 1  6  7.1 7P. 4 72 = 5  7 2 - 0  6 2 , 5  
4 2  0  5 3 .  9 5 4  9 5 7 . 1  5 6 .  7  6 9 .  5  69. 3 6 9 .  a  6 7 . 7  
44 0 4 0 .  2 4 1  1  4 3 . 2  41.3 6 1  .  2 6 0 .  7  6 2 . 2  6 8  .  6  
4 6  0  3 0 .  9 3 1  3 33. 1 3 2 . 0  5 0 .  6  49. 8 5 1 . 9  6 5 . 2  
4 3 0  2 6 .  0 2 5  2  2 6 . 3  2 6 . 3  3 3 .  9 38. 1  4 0 .  0  5 7 . 2  
50 0 2 8 .  2  2 7  7  2 7.2 27.4 31 .  2 3 0 .  6  31.3 47.2 
5 2  0  3 6 .  1  3 5  7 3 3 . 8  3 4 . 6  28. 7  2 8 .  4 2 8 . 6  3 8 . 0  
5 4  0  48.  4  4 7  9 4 5 . 8  46. 9 32. 5  3 2 .  4 3 1 . 4  3 2 . 4  
5 6 0  6 0 .  7 6 1  0  5 8 . 9  6 0 . 0  41 .  3  4 1  .  6 3 9 .  a  3 2 . 1  
5 8  0  7 0 .  a 7 1  2  69.8 7 0 . 5  5 2 .  2  5 2 .  7  5 0 . 5  3 6 . 6  
6 3  0  7 5 .  3  7 5  8  7 5 . 3  7 5 . 5  6 2 .  6  6 3 .  3 6 1 . 2  4 4 . 7  
144 
T8 T<?  T 10 T i l  T1 2 TU T14 r i  5 T O  
13.8 14.0 13.9 13.3 13.6 14. a 1 4.3 14 9 15.4 
14.1 14. 0 13. 8 13. 7 13.6 14.3 14.3 14 3 14.7 
15.1 16.0 14.0 14.3 13.9 14.2 14. 1 14 1 14.4 
17.8 17.5 14.5 14.5 14.4 14. 2 14.2 14 1 14.3 
22.6 22.0 15.8 16.1 1C>. 1 14. 6 14.5 14 4 14.4 
29.8 28.9 13.6 19. ? 19. 3 15.8 15.S 15 2 14.9 
,39.4 38.2 23.3 24. 3 24. S 18. 2 1 7.6 17 1 16.1 
49.7 48. 4 30 .0 31.» 31.3 22. 1 21.2 20 4 18.3 
59.0 57.8 33.4 40. 0 40. 5 27. 8 26.5 25 4 22.2 
65.7 64.8 47 .4 49.2 49.7 35. 3 33.7 32 3 27.8 
68.0 67. 5 55. 4 56. y  57. 4 43.1 41 .5 40 0 34.3 
65. 65.6 61.4 62.3 62.7 51 .  1 49.8 48 4 42. 1 
58.4 59. 1 63.8 63. 3 64 .  0 57.0 56.0 54 9 43.9 
*8.8 50.0 62.0 61.2 61 .  1 60. 3 59. 9 59 4 54.3 
39.3 40. 4 56.2 54. 7 54. 3 60.0 60.4 60 6 57.3 
33.4 34.2 43.7 46.3 46=2 5 6 a  3  5 7 o S  SB 3 56.9 
32.1 32.3 41 .2 39.5 33.3 50.4 52.0 53 2 53.3 
35.7 35. 3 36.2 35. 1 34. ô  43.3 45.4 46 7 48.2 
42 .7 41. 4  34.9 34.7 34. 3 38.3 40. 0 40 9 42.9 
52.0 50. 9  37.5 38.1 38.2 36.b 37.0 37 4 38.8 
61.1 60.0 43.8 45.3 45. 3 38. 0 37.6 37 2 37.2 
66 .8 66 .  0 51.3 52. % 52.8 42.2 41 .2 43 3  38.4 
68.6 68.2 58. J 59. 3 59.7 48. 2 4 7. 0 45 8 42. 1 
65.9 65.0 62.8 63.5 63.9 54. 1 52.9 51 7 46.9 
58.6 59. 4 64.8 64. 3 64.9 59.2 5 3 . 3  57 4 52.4 
49.1 53.2 62.7 62.9 61. 7 61.3 61.6 61 1 56.7 
39.8 40. 9 5 7 . 0  55.3 5 5 . 0  61.2 61.6 61 9  59.0 
33.6 34.4 49.0 47. 1 4 6 .  4  57. l 58.3 59 2 58. 1 
32 .2 32.5 41 .2 39. S 33. y 50.7 52.2 53 6 54.0 
35.9 35.6 36.3 35. 2 34. 8 4 4 . 0  4 5 . 6  47 0 48.6 
43.3 4?.4  35.1 34.) 34.7 3 3 . 9  50.0 40 8 43.0 
I4E 
0 
20 
40 
50 
80 
1 0 0  
1 2 0  
140 
1 6 0  
13 0 
20 0 
220 
240  
260 
230 
30 0 
32 0 
34 0 
360  
380 
40 0 
42 O 
440 
45 O 
430 
50 0 
52 0 
54 0 
55 0 
580 
60 0 
62 0 
64 0 
65 0 
68 0 
700 
72 0 
A-5. Temperature measurement in rock bed system with flow rate, 
void fraction and equivalent spherical diameter at 19.73 cfm, 
45.37% and O.O676 ft, respectively 
TIN T1 T2 r3 T4 T S  T6 T 7 
2? 0 22. 1 22.1 22. 1 22. 2 22. 1 22.0 22 2 
24 8 24. 1 23.9 23. 7 22 .  2 22.2 22.0 22 2 
33 1 31. 0 30.2 29. 7 23. 0 22. 8 22.8 22 3 
45 3 43. 1 42.2 41.5 25. 9 25. 4 25.6 22 6 
58 4 56. 2 55.4 54.6 31 .  9 31. 1 31.4 23 6 
70 3 68. 8 58.2 67.3 40. 7 39. 7 40.2 26 3 
74 7 74. 7 74.5 74. 0 51 .  0 49.9 50.4 31 0 
72 6 74. 1 74.3 74.4 59. 9 59.0 59.4 37 6 
66 2 68. 5 59.0 69. 2 66 .  0 65.2 65.4 45 1 
54 0 57. 5 58.4 53. 9 67. 6 67.2 67.1 52 4 
41 1 44. 3 45.3 45.9 6$ .  4 64.4 64.0 58 0 
30 3 32. 8 33.7 34.2 55. 9 57.2 56.6 60 9 
25 3 26. 4 26.8 27.0 47. 8 48. 1 4 7.5 60 2 
28 0 2 7. 3 27.0 26.9 39. 0 39. I 38.6 56 4 
36 S  34. 2 33.5 32.9 33. 6 33.4 3 3 .  1 50 6  
48 5 46. 3 45.2 4 4 . 6  3 2  a  9 3 2 .  3  32. 3 4 4  0 
60 7 58. 9 3 8 .  1 57. 4 37. 3  3 6 . 6  36.8 39 1 
70 8 69. 9 69.4 68.7 45. 3 4 4  .  4  44.8 37 5 
74 9 75. 3 74.9 74.6 54. 2 5 3 .  3  53. 7 39 2  
72 8 74. 5 74.7 74. 7 62. 3 61.5 61.9 43 a 
66 7 68. 8 69.2 69.5 67. 5 69.9 6  7. 1 50 0 
54 8 58. 0 58.8 59.3 68. 6 68.3 68.2 56 1 
41 7 44. 9 45.7 46.3 65. 1 65.2 64. 3 60 8 
30 9 33. 4 34.2 34.7 57. 5 5/.a 57.2 62 8 
25 6 26. 5 26.8 27.0 4 7 .  8 48. 1 47.5 61 6  
28 3 27. 3 27.2 27.0 39. I  3 9 . 2  38.6 57 2 
36 5 34. 3 33.6 33.2 3 3 .  7 3 3 . 5  33.2 51 1 
48 4 4 6 .  3 4 5 . 6  44.9 33. 2 32.6 32.5 4 4  3 
60 8 58. 6 57.8 57. I 37. 1 36. 4 36.6 39 6  
70 8 69. 7 69.1 63.4 45. 0 4 4 . 2  44.6 37 8 
75 3 75. 1 75.0 74.5 54. 2 5 3 . 3  53.8 39 4 
73 0 7 4 .  6 74.8 74.8 62. 0 61.3 61.6 43 8  
6 6  5  6 8 .  8  5  9 . 3  69.5 6 7 .  3  6 6 .  8  6 6 . 9  49 9 
54 8 58. 1 58.8 59.4 6 3 .  5  68.3 68. 1 56 0 
41 5  44. 3 45.2 45.8 64. 9 6 5 . 0  64.6 60 8  
31 3 33. 4 34.2 34.8 57. 4 57. 7 57. 1 62 8 
25, 9  26. 7 27.0 2 7 . 2  47. 7  48. i 47.4 61 5  
m 
T 8  T 9  T  1 0  T l l  T 1 2  T 1  3  T 1 4  1 1 5  T O  
2 2  . 2  2 2 . 2  2 2 . 2  2 2 .  1  2 2 .  0  2 2 . 2  2 2  . 2  2 2 . 2  2 2 . 2  
2 2 . 2  2 2 . 2  2 2 . 2  2 2 .  2  2 2 . 0  2 2 . 2  2 2 . 2  2 2 . 2  2 2 . 2  
2 2 . 2  2 2 . 2  2 2  . 2  2 2 . 2  2 2 . 0  2 2 . 2  2 2 . 2  2 2 . 2  2 2 .  2  
2 2 . 4  2 2 .  4  2 ^ . 2  2 2 . 2  2 2 .  1  2 2 . 3  2 2  . 2  2 2  . 2  2 2 . 2  
2 j . l  2 3 . 2  2 2 . 2  2 2 . 2  2 2 .  l  2 2 . 2  2 2 . 2  2 2 . 2  2 2 . 2  
2 5 . 0  2 5 .  3  2 2 . 5  2 2 . 5  2 2 . 3  2 2 . 3  2 2  . 2  2 2 . 2  2 2 . 2  
2 8 . 8  2 9 .  2  2 3 . 4  2 3 . 3  2 3 . 6  2 2 .  5  2 2 . 4  2 2 . 3  2 2 . 3  
3 4  . 5  3 5 . 2  2 5  . 2  2 6 .  1  2 5 . 9  2 3 . 2  2 2 . 9  2 2 . 8  2 2 .  7  
4 t  . 5  4 2 .  3  2 8 . 3  2 9 .  9  2 9 . C  2 4 . 5  2 4 . 0  2 3 . 8  2 3 . 6  
4 9  . O  4 9 . 7  3 2 . 9  3 5 . 1  3 4 .  a  2 6 .  i  2 6 . O  2 5 .  7  2 5 . 2  
5 5 . 2  5 5 .  8  3 3 . 4  4 1 . 1  4 3 . r  3 0 .  2  2 9 .  1  2 3 . 6  2 7 . 7  
5 9 . 4  5 9 . 6  4 4 . 5  4 7 . 3  4 7 .  0  3 4 .  9  3  3 . 4  3 2 . 9  3 1 . 4  
6 0 . 3  6 0 .  2  4 9 . 8  5 2 . 2  5 2 . 0  3 9 . 6  3 3 . 0  3 7 . 4  3 5 . 5  
5 8 . 0  5 7 .  5  5 3 . 7  5 5 .  4  5 S  .  2  4 4  .  6  4 3 . 0  4 2 . 3  3 9 . 9  
5 3 . 1  5 2 . 5  5 5  . 5  5 6 . 2  5 6 .  1  4 8 .  7  4 7 . 4  4 6 .  7  4 4 .  1  
4 6 . 9  4 6 . 2  5 5 .  0  5 4 . 5  5 4 .  b  5 1  .  7 5 0 . 7  5 0 . 3  4 7 . 6  
4 1 . 3  4 0 . 8  5 2 . 4  5 0 . 3  5 3 . 9  5 2 .  /  5 2 . 4  5 2 . 2  4 9 . 9  
3 8 . 3  3 8 .  1  4 8 . 5  4 6 . 4  4 6 .  5  5 2 . 0  5 2 . 2  5 2  . 2  5 0 . 3  
3 8 . 5  3 3 . 6  4 4 . 7  4 2 . 7  4 2 . 3  4 9 .  9  5 0 . 6  5 0 .  8  4 9 . 4  
4 1 . 8  4 2 .  3  4 2 . 0  4 0 .  7  4 0 . 7  4 7 . 1  4 0  . 0  4 3 . 3  4 7 . 4  
4 7 . 2  4 7 . 8  4 1 . 3  4 1 . 1  4 0 . 9  4 4  .  5  4 3 . 3  4 5 .  6  4 5 , !  
5 3 . 2  5 3 . 9  4 2 . 8  4 3 . 5  4 3 . 4  4 3 .  1  4 3 . 6  4 3 . 7  4 3 . 4  
5 6 . 4  5 8 .  9  4 6 .  0  4 f . b  4 7 . 4  4 3 . 2  4 3  . 2  4 3 . 2  4 2 . 6  
6 1 . 7  6 1 . 9  5 0  . 3  5 2 . 2  5 2  .  >  4 5 . Ù  4 4 . 4  4 4 . 2  4 3 .  3  
6 2 . 0  6 1 . 8  5 4 . 3  5 6 . 2  5 5 . 0  4 7 . 8  4 6 . 9  4 6 . 5  4 5 . 1  
5 9 . 1  5 3 . 6  5 7 . 1  5 8 . 3  5 3 .  2  5 0 .  9  4 9 . 9  4 9 . 5  4 7 . 6  
5 3 . 8  5 3 .  1  5 d . l  5 8 . 3  5 A . 3  5 3 . 7  5 2 . 8  5 2 .  3  5 0 . 2  
4 7 . 3  4 6  .  i >  5 6 . 9  5 6 . 0  5 6  .  0  5 3 .  4  5 4 . 9  5 4 . 5  5 2 . 3  
4 2  . 0  4 1 . 4  5 4  . 0  5 2 . 2  5 2 .  3  5 5 . 6  5 5 .  5  5 5 . 4  5 3 . 3  
3 8 . 7  3 8 . 5  4 3 . 7  4 7 . 4  4 7 . 5  5 4 . 2  5 4 . 6  5 4 . 7  5 3 . 0  
3 8  . 8  3 3 . 9  4 5  . 5  4 3 . 4  4 3 . 4  5 1 . 5  5 2 . 4  5 2 .  6  5 1 . 4  
4 1 . 8  4 2 .  3  4 2 . 6  4 1 . 2  4 1  . 2  4 y , 4  4 9 . 5  4 9 . 8  4 9 .  1  
4  7 . 1  4 7 . 7  4 1 . 7  4 1 . 4  4 1 . 2  4 a .  5  4 6 . 5  4 6 .  8  4 6 . 4  
5 3 . 1  5 3 .  7  4 3 .  1  4 3 .  4  4 3 . 6  4 3 . 8  4 4 . 4  4 4 . 6  4 4 .  3  
5 8 . 5  5 8 .  9  4 6 .  3  4 7 . 3  4 7 .  6  4 3 . 8  4 3 . 8  4 3 .  a  4 3 . 4  
6 1 . 7  6 1 . 9  5 0  . 3  6 2 . 3  5 2 . 0  4 5 . 2  4 4 .  8  4 4 . 6  4 3 . 8  
6 1 . 9  6 1 . 7  5 4 . 4  5 6 . 2  5 5 .  9  4 8 .  0  4 7 . 2  4 6 . 8  4 5 . 4  
Table A-6. Temperature measurement in rock bed system with flow rate, 
void fraction and equivalent spherical diameter at 27.13 cfm, 
45.37% and 0.0920 ft, respectively 
IME TIN T1 T2 T3 14 T5 T6 T7 
0 i 4. 0 13. 7 13.7 13. 6 15 9 16.2 16.1 18.0 
20 23. 7 23. 2 22.8 22.5 16 8 16.4 16.3 16.8 
40 35. 5 34. 9 33.5 33.0 24 0 23.5 23.5 17.5 
SO 47. 0 46. 0 44.0 43.8 29 7 28. 8 29. 0 21.0 
80 56. 9  56. 4 35.6 54.7 36 6 35.2 35.4 23.2 
100 68. 0 67. a  57.1 66.3 47 7 46.2 46.5 30.1 
120 72. 3 73. 0 72.9 72.4 53 2 5b. 8 57.0 38. 8 
140 71 .  4 72. 5 72.6 72.6 63 6 64. 7 64. 7 48.0 
150 65. 5 66. 8 57.3 67.6 63 8 68. 3 68.2 56. 4 
180 S3. e 55. 9 56.7 57.2 67 1 67. 1 66.3 62.0 
23 0 40. 7 42. 7 43.5 44.0 60 0 60. 6 60.2 64. 0 
220 30. 8 32. 2 33.0 33.3 49 9 50 .8 50.3 61.8 
24 0 26. 3 26. 6 27.0 27. I 39 0 40.6 40.2 55.8 
250 27. 9 27. 3 27.1 27. 0 3? 2 32.6 32.2 47.3 
28 0 35. 3 34. 3 33.6 33. I 29 6 29.4 29.3 39.2 
30 0 47. 0 46. 2 45.3 44.7 33 0 32. 2 32. 2 34 0 2 
32 0 59. 3 58. 8 58.1 57. t 40 9 39.7 39.9 33.6 
3* 0 69. 3 69. 2 58.8 68.2 50 8 49.5 49.8 37. 1 
36 0 74. i 74. 8 r4 . 5  74. I 61 1 5 9 .  a  60.0 44.3 
38 0 72. 3 73. 4 73.6 73. 7 63  0 67. 0 67.2 52 .3 
400 65. 6  66. 8 57.4 67.7 70 4 70. 0 69. 9 59. 8 
42 Û 63 .  9 56. 1 57.0 57. 5  68 1 68.2 6 7.9 64.5 
44 0 40. 9  42. 9  43.8 44.3 60 8 61.4 60.9 69.9 
46 0 31 .  6 32. 6 33.3 33. 7 50 6 51.4 50.9 63. 2 
430 26. 4 26. 7 27.0 27. 2 40 1 40.8 40. 3 56. 6  
50 0 28. 2 27. 4 27.2 27.0 32 7 33.0 32. 7 48.2 
52 0 37. 2 34. 2 33.6 33.0 29 9 29. 7 29.6 40.0 
5 *  0 47. 0 46. 1 45.3 44.8 33 0 32. 3 32.3 34.7 
560 59. 8 58. 8 58.0 57. 3 40 5 39 .5  39.7 33.8 
580 69. 9 69. 5 59.1 63.5 50 9 49.8 50. 1 37. 3 
60 0 74. 2 74. 7 74.3 74.0 60 5  59.4 59.7 43.8 
62 0 72. 4 73. 4 73.7 73. 8 68 0 67 .  1  67.2 52.3 
64  0 65. 7 67 0  I  57 .6  67 .9  70  5  70 .  I  70 .0  59. 9 
66 0 54. 4 56. 1 57.0 57.5 63 1 68 .  1  67.8 64.7 
68 0 41  .  2 43. 4 43.7 44.2 60 8 61  .  3  60.8 66. 0 
70 0 31 .  I  32. 5 33.4 33.7 50 6 51.4 50.8 63.3 
72 0 26. 3 26. 7  27 ,0  27.2 4 0  3  4 0 .  9  40 .4  56 .  8 
148 
Ta T9 TIO Tll T 12 ri3 T14 T 15 TO 
18.2 18.2 19.4 19.3 19. J 19.9 20. 0 20 0 19.8 
1 7. 1 17. 1 13.5 18.3 18.2 19.4 19.5 ly 5 19.5 
1 8.0 18.0 18.4 18.2 18.2 19. 1 19.1 W 2 19.0 
20.0 20.0 13.2 18.2 13.1 18.0 18.O 18 0 18.5 
21.5 21.8 18.0 18.1 18. 0 17.8 17.8 17 8 17.9 
27.3 27.8 20 .0 20. 7 23.5 18.3 18. 1 18 0 19.0 
35.3 35. 9 24.1 25.3 25. 1 20.1 19.6 19 4 1 9.2 
44.3 45.0 30 .0 31.3 31.6 23.6 22.6 22 2 21.7 
53. 1 53. 6 37.5 39. 8 39.5 2J.0 27.4 26 9 26.0 
59.8 60.2 45.4 47. 9 47.6 35.6 33.7 33 2 31.7 
63.2 63. 3 52.4 54.4 54.3 42.5 40.5 39 8 37.9 
62.6 62.4 57.4 58.8 58.7 49. 1 47.2 45 6 44.3 
58.1 57.6 59.6 60.0 60.0 54.0 52.7 52 2 49.3 
50.4 49.8 58.3 57.5 57.6 56. 7 56.1 55 8 53.5 
42.2 41.5 53.8 52.0 52.2 56.4 56.6 56 5 54.5 
36.1 35. 7  47.5 45.4 45 o 4 53.3 54 .2 54 4 53.4 
33.7 33. 7 41 .3 39.4 39.4 46.4 49.7 50 1 49.4 
35.7 35.9 37.5 36.3 36.2 43.4 4 4 . 3  45 2 45.0 
41.6 42. 1 36. 7 36.6 36. 4 39.5 43.5 40 8 40.8 
49.2 49.3 39.2 40.1 39. y 38.3 38.6 38 7 38. 7 
57.0 57,5 44.4 46.3 45 .  ;i 39.9 3 9 - 4  39 2 3 3 c d  
62 .6 62.8 50.2 52.2 52. J 43. 4 42.3 42 0 41.O 
65.4 65.4 56.2 58. 1 5 7.9 48.6 47 .2 45 7 45.2 
64.2 64.0 60.4 61.b  61.5 53.6 52.2 51 7 49.8 
59.1 58.5 61 .9 62.1 62.1 57.6 56.6 56 2 54.1 
51 .5 50. B 60.2 59.2 59.3 59.3 59.1 53 9 56.7 
43.0 42.3 55.3 52.9 53.U 58.5 58.9 29 0 57.2 
36.6 36. 2 48. 7 46.4 46.6 55.1 56.0 56 3  55.0 
34.1 34. 0 42.5 40.4 4).5 50. 0 51 .5 51 9 51.3 
35.9 36.2 38.0 36.3 36. 7 44.4 45.9 46 3  46. 2 
41 .2 41.7 37.0 36.7 36.6 40. 5 41.6 41 9 42. 1 
49 .2 49.8 39 .3 40.1 4J.0 38.8 3 9 . 2  39 2  39.3 
57.0 57. 5 4 4  a  4  46.0 4 5 . 8  4 0 . 1  3 9 . 7  39 5 39.2 
62 .7 63.1 50.5 52.4 52. 1 43.7 42.6 42 j 41.3 
65.5 65.6 56.3 58. 1 57.9 43.8 47.4 46 9 45.4 
64.3 64. 0 60.5 61 .6 61 .u 53.8 52.4 SI 8 49.9 
59.3 58. 7 62 a 0 62.2 62.2 57.6 56. 7 56 3 54.1 
Table A-7. Temperature measurement In rock bed system with flow rate, 
void fraction and equivalent spherical diameter at 36.02 cfm, 
45 37% and 0.0920 ft, respectively 
IME TIN Tl T2 T3 T4 T5 T6 T7 
0 19. 6 19. 4 1 9.3 19.3 19 3 19.3 19.3 20. 2 
20 24. 6 24. 2 23.8 23. 6 20 6 20.3 20.3 19.8 
*0 33. 4 32. 5 31.4 31 .0 23 9 23. 3 23.4 20.6 
60 46. 3 45. 3 44.2 43.6 30 9 29. 6 29.9 23.0 
30 61. 3 60. 5 59.3 53.7 42 3 40. 6 41.0 28. 8 
10 0 71. 2 71. 9 71.1 70.7 55 2 53.5 53.8 37. 3 
120 75. 9 76. 6 7b.3 76. 0 65 7 64.2 64.5 48.2 
1$ 0 73. 3 74. 7 75.0 75.2 72 2 71.2 71.3 58.7 
160 66. 6 68. 2 68.7 69.0 72 9 72.6 72.4 66 .  0 
19 0 54. i 56. 0 57.0 57.4 68 1 68. 5 68. 1 69.2 
20 0 40. 6 42. 3 43.4 43.8 53 3 59.4 58.8 67.5 
22 0 30. 5 31. 6 32.2 32.6 45 9 47,2 46.6 60.6 
2*0 25. 6 26. 0 26.2 26.2 35 6 36.5 36.1 51 .0 
260 27. 8 27. 3 27.0 26.4 29 3 2 9, 7 29.4 41.1 
23 0 36. 2 35. 0 34.2 33.7 23 9 28.6 28.5 34. 0 
30 0 46. 7 48. 2 47.2 46. 6 35 0 34. 0 34.2 31 .4 
32 0 67. 0 67. 4 66.5 65.1 50 9 49. 5 49. 8 36. 0 
34 0 74. 8 75. 0 75.0 74.1 61 7 60.2 60.6 45.8 
360 75. 9 76. 9 76.9 76.7 69 9 68. 8 69. 0 55. 3 
33 0 71 .  2 73. 0 72.9 73.0 73 5 72.8 72.3 63. 5 
43 0 61. 1 63. 1 63.9 64.3 71 6 71.6 71.4 68. 7 
42 0 47. 3 49. 4 âû .6 51.1 64 4 »5. 2 64. 7 69.6 
44 0 35. 6 37. 0 37.9 38. 3 53 1 59,4 53.8 65 .  6 
460 28. 0 28. 6 29.1 29.3 41 4 42.6 42.0 57.4 
480 25. 8 25. 4 25.4 25.8 32 6 33.3 32.9 47.3 
50 0 30. 4 29. 9 29.4 29. 1 28 6 28. 7 28.5 38.1 
52 0 42. 1 40. 9 40.0 39.4 31 1 30, 4 30.5 32.6 
54 0 54. 9 54. 0 53.0 52.4 38 9 37. 7 37.9 32.3 
56 0 67. 3 66. 7 65.6 65.1 50 0 48.5 48.8 37.0 
58 0 74. 4 74. 8 74.2 73.9 61 2 59.8 60. 1 45.4 
63 0 74. 9 76. 2 76.4 76.3 71 2 70.2 70. 3 57. 6 
62 0 70. 6 72. 3 72.9 73.0 73 4 72.8 72. 7 63.4 
64 0 61. 0 63, 3 64.0 64.4 71 S 71,6 71.3 68,7 
66 0 4 7. 6 49. 8 50.8 51.3 64 4 65. 2 64. 7 69.6 
63 0 35. 7 37. 2 38.0 38.4 53 1 54. 3 53.8 65.5 
70 0 27. 9 28. 6 29.1 29.4 41 4 42.6 42.0 57.2 
72 0 26. 1 25. 9 26.0 2&«0 32» 5 33» 3 32 «3 47.0 
150 
T8 T9 T 10 T11 T 1 2 T13 T14 T13 TO 
20.3 20. 3 20.3 20. 3 20. 3 19.8 19.7 19.6 19.5 
t 9.9 19.9 20.3 20.2 20. 2 20.3 20.3 20.3 20.1 
20.2 20.3 20.1 20.3 20. 0 20. 3 20.3 20.3 20.2 
22.1 22.3 21.4 20.4 20. 4 20,2 20.2 20.2 20.2 
26.7 27. 2 22.0 22.4 22 .  2 20.8 20.6 20.5 20.5 
34.6 33.4 25.8 26.B 26. 5 22.7 22.2 22.0 21.8 
44.5 45.4 32.1 33.5 3 ï. 26.4 25.4 25.1 24.6 
5b .2 55. 9 40.7 42. 7 42. 3 32. S 31 .  1 33.6 29.6 
63 .4 64.0 49.9 51.9 51 .  6 40.S 38.4 37. 8 36.3 
68.2 63. 4 53. 1 59. 8 59. 6 49.0 46.8 46.1 44. 1 
68.2 66. 0 63.7 64. 7 64. 6 56.3 54.4 53.8 51 .6 
63.0 62.4 65.5 6b. b 65. 6 61 .5 60.3 59.8 57.5 
54.4 53.6 62.8 61.9 62. 0 63. 1 62.7 62.6 60.5 
44.5 43.6 56.5 54.r 54. 9 60 «a 61.5 61.6 60. 1 
36.3 35. « 48.3 46.2 46 .  + 55.4 5 6.9 57.2 56.5 
32 .1 31.9 40.0 38.3 38. 3 47.8 49.6 50.1 50.1 
35.7 36.1 34.4 33.9 33. 3 38.6 39.9 40.3 40.7 
42 .9 43.6 35.8 36.2 36. J 36. 2 36. 7 36.8 37.3 
52.0 52.7 40.6 42. 3 41 .  7 37.3 36.9 35. U 36.8 
60 .6 61.? 48.0 49. 8 49. 4 41.5 40.4 43. 0 39.4 
66.9 6r.i 55 .7 57.t 57 .  2 47.9 46.2 45. 7 44.5 
69.4 69.3 62.x 63. b 63. 3 54.7 52.9 5â.3 50*6 
67.1 66.7 65.9 66.5 66 .  4 60.5 59. 1 58.6 56.5 
60.3 59. 5 63.6 65.2 65. 3 63.8 6 3.0 62. 7 60.6 
50 .8 49. 9 61.3 60.0 60. 1 63.6 6 3.7 63.7 62.0 
41.1 40.3 53.9 52.0 52. 1 59.a 60.8 61.1 60.0 
34 .3 33.9 45.3 43.2 43, 4 53.3 55.0 55.4 55.0 
32 .3 32.2 38 .4 36.3 36. 3 45.9 47.8 48.4 43.6 
35.4 35. 7 35.0 34.3 34. 2 39.8 4 1.3 41.7 42.3 
42 .5 43.2 36.0 36.? 36. 0 36. 8 37.5 37.6 38.2 
54.3 55. 0 42.6 43. ) 41. 6 38.4 37.9 37.6 37.6 
66.5 61 .  1 47.9 49. 7 49. 3 41.6 40.5 40.1 39.6 
66,9 67.3 55 .8 57«5 57. 2 48. 0 46.3 45.8 44.6 69.3 69.3 62.2 63. S 63. 3 54.8 53.1 52.4 50.7 67.1 66 .6 65.9 66.5 6S .  4 63.5 59. l 53. 6 56.6 60.2 59.4 65.6 65.2 65. 3 o3.8 63.1 62.8 60.7 SO .5 49.6 61.2 59. 7 59. ) 63.6 63. 7 63.8 62. l 
o 
2 0  
% O  
5 0 
3 0 
1 3  0  
1 2  0  
1 * 0  
15 0 
130  
23 O 
22 0 
24-0 
26 0 
23 0 
33 0 
32 0 
3$0 
35 0 
330 
43 0 
42  0  
4$  0  
46 0 
43  0  
53  O 
52  0  
54  0  
55  0  
53  0  
A-8. Temperature measurement in rock bed system with flow rate, 
void fraction and equivalent spherical diameter at 26.61 cfm, 
43.45% and 0.0920 ft, respectively 
n N Tl T2 T3 T4 T5 TÔ T7 
13 2 16. 1 1 5.5 15.7 13. 6 15.6 15.6 14. 9 
2 *  0 23. 2 22.6 22.6 17. 3 17.2 17.2 16.2 
32 0 30. 7 30.0 29.5 21 .  0 20.4 20.4 17.2 
44 3 42. 9 *2.0 41.» 27. 1 26.0 26.2 19.3 
57 5 56. 5 55.6 55. 0 36. 6 35. 0 35.4 23.6 
67 9 67. 3 56.8 66.3 47 .  4 45.6 46.0 30. 1 
72 a 73. 2 72.8 72. 5 58. 2  56. 5 56.3 38.9 
70 7  72. 2 72.4 72.4 65 .  8 64.5 64.7 48. 3 
64 5  66. 2 56.6 66.8 68. 7 68.0 68.0 56.2 
53 5  53. 0 53.8 54.3 66 .  0 66. 0 65.8 62.3 
39 ? 41. 2 t2.1 42. 6 59. 6 60.2 59.7 63. 7 
23 9  30. 1 31.0 31.4 49. 2  SO. 1 49.4 61.1 
2 »  2  24. 6 24.9 25. 0 33. 6 39. 3 33. 7 54.8 
25 6 24. 8 24.7 24.5 30. 6 31.0 30.6 46.2 
33 t 31 .  7 30.9 30.4 27. 5 27.4 27.2 38.1 
45 3 43o8 »2eS 42.2 30 = 3 29.5 29.6 32. 7  
58 6  57. 2 56.4 55. 7 33. 1 36. 9 37.2 31.6 
68 6 68. 2 57.5 67.0 $8. 7 47.2 47.5 35. 0 
73 0  73. 4 73.1 72.8 53. 8 57.3 57.6 41.7 
71 5 72.6 72.9 72. 9 66 .  2  65. I 65.3 50.0 
64 8 66. 7 57.1 67.3 69. 2  68.6 68.6 57.5 
53 1 54. 9 55.9 56. 4 67. 1 67.2 66. 9 62.9 
39 4 41.4 »2.2 42.7 59. 9 Ô0.6 60.0 64.5 
29 2  30. 6 31.4 31. 7 49. 5 SO.4 49.8 61 .8 
24 5 24. 8 25.0 25. 2 38. 7 39. 4 38.8 55.0 
26 I 25. 3 25.0 24.9 31 .  I 31.4 31.0 46.8 
33 2  31.5 30.8 30.4 27. 9 27.8 2 7.6 38.8 
45 6 44. 4 *3.5 43. 0 30. 7 30.0 30. 1 33. 1 
58 3 57. 4 56.6 56.0 38. S 37.3 37,6 32.0 
68 6 68. 3 57.7 67. 1 48. 7 47.2 4 7.6 35.2 
73 2 73. 4 73.2 72. 8 59. 8 57.3 57.6 41.7 
152 
T  8  T 9  T I O  T i t  T 1 2  T 1 3  T 1 4  T I S  T O  
14.8 14. B 14.7 14. 7 14.r 15. 3 15.3 lb.3 15.5 
15.9 16.0 15.4 15. 4 15.4 15. 4 15.4 15.4 15.4 
16.7 16. 8 15.9 15.3 13.7 15. b 15.6 15.6 IS.5 
18.3 18.6 16.5 16.5 16.4 15. 9 I 5.8 15.8 15.6 
21 .7 22.2 13.3 17.9 17.3 16. 5 16.2 16. 3 16.0 
27.1 27.9 20.7 20.5 20.4 17. 6 I 7.2 17.3 16.7 
35 .1 36.0 25.2 25.2 24.j 19. 8 19.3 19.2 18.1 
44 .2 45. 3 31 .8 31.3 31 .5 23. 4 22.2 22. 5 20.7 
52.6 53.S 38.9 39. 1 38. 7 28. 2 26.6 27. 0 24.3 
60.0 60.6 47.Ô 48.3 47.6 35. 4 3 3.4 33. 9 29.9 
62.9 63. 1 53. 6 53.3 53.5 41 .  4 39.2 39.d 35.9 
62.4 62.0 59.2 58.3 5j . 1 47. 3 4 5.7 46.3 42.2 
57.a 57. 0 51. 7 59. 7 59.6 53 .  J 51.3 51.8 48.2 
50.1 49 .0 57.6 57.4 57.4 55. 8 54.9 55. 3 52.6 
41.7 40.7 52 .6 52.1 52.3 55. a 55.8 56. 0 54.7 
35«0 34,3 45.9 45o? 45.4 53. u 54 OO 53 .9 54.1 
31 .9 31.a 39.6 38.3 39 .  » 48. 4 50. 3 49.7 51.1 
33.a 33. 8 35.7 35.0 35.1 43. 1 44.9 44.5 46.6 
38.6 39,4 35.0 34.5 34. 3 39. 0 40.5 40. 1 42.0 
46.3 47.2 37.8 37.5 37.4 37. J  37.8 37.5 38.5 
54.1 54.9 42.9 43.3 42.7 37. o 37.6 37.6 37.2 
60 .6 61 .2 4 J .  6 49.3 4 4 .5 41 .  1 40. 1 40. 3 38.5 
63 . 9  64. 0 55. O 55.9 55.6 46 .  0 44.5 4t.a 42.0 
63 . 1  62.8 59.6 59.9 59.7 51 .  1 49.5 4^.9 46.6 
58. I  57.2 60 .8 60.3 60. 7 55. 4  54. 1 54.5 51.4 
50.7 49.6 5'i.5 58.3 53.3 57. 5 56.8 57.1 54.8 
4?  .4  41.4 53.6 53.1 53.3 57. 2 5 7.4 57.4 56.3 
35 .3 34.7 46.5 45.7 46 .  0  54. J 5b. 1  54 .9  55.3 
32 .4 32.2 40 .2  39 .4  39.6 49. 2 50.9 50.5 52 .2  
33 .7 34.0 35 .2 35.5 35.7 44 .  i 45.9 45.4 47.7 
38.B 39.5 35 .  4  35.3 34.9 39. 7 4 1 .2. 43 .8  42 .8  
Table A-9. Temperature measurement in rock bed system with flow rate, 
void fraction and equivalent spherical diameter at 18.85 cfm, 
45 76% and 0.1293 ft, respectively 
TIME TIN TL T2  T3  T4 T5 T6  T7  
0 19. 6 18. 6 1 8.4 18.4 18. 7 18 6 18.3 19.9 
20 26. 8 26. 1 24.0 24. 1 19.8 19 6 19.6 19.5 
40 35. 9 35. 1 31.0 31.2 22.2 21 9 22. 0 19. 3 
60 47. 1 46. 5 41.3 41 .6 26.3 26 0 26.3 21. 1 
30 59. 8 59. 6 54. 1 54. 4 33.4 33 0 33.5 23.3 
100 69. 8 70. 3 65.6 65.9 41.6 41 5 42.1 28.2 
120 74. 3 75. 0 rz.s 72.6 50.3 50 4 51.0 34.0 
140 71 .  9 73. 1 73.8 73. 7 57.8 58 1 53.5 40.6 
160 66. 0 67. 1 69.6 69.4 62.8 63 1 63.3 47.4 
19 0 54. 0 55. 4 60. 6 60.2 64.2 64 5 64.4 53.2 
200 41. 2 42. 3 48.3 47.3 61.3 61 6 61.2 56. 9 
22 0 31 .  1 31. 9 36.8 36.4 55. 0 55 2 54.5 57.3 
240 26. 2 26. 5 28.3 23.7 46.9 47 0 46.3 55.9 
25 0 28. 4 28. 2 27.6 2r.6 39.7 39 6 39.0 51.6 
280 36. 6 35. 9 32.3 32.5 35.8 35 6 35.2 47. 0 
30 0 45. 1 44. 6 39,8 40.1 35*2 34 9 34.8 43.6 
32 0 60. 9 60. 3 54.8 55.2 39. 3 38 8 39. 1 40.2 
34 0 70. 4 70. 5 56.1 66.3 45.0 45 6 46. I 40.4 
36 0 74. 9 75. 4 72.9 73.0 53. 6 53 6 54. 0 43.1 
330 72. 6 73. 5 74.2 74. 1 60. 6 60 7  61.1 47.9 
40 0 66. 4 67. 3 69.9 69.7 64.9 Ô5 1 65.2 53.0 
420 54. S 55. 3 60.8 60.4 65. 5 65 8 65.6 57.5 
44 0 41 .  5 42. 3 48.4 47.9 62.0 62 3 61.8 60.1 
460 29. 7 30. 5 3 5.7 35.2 55. 0 55 2 54.4 59.9 
430 25. 2 25. 3 27.9 27.7 45. 6 46 9 46. 1 57.2 
50 0 26. 6 26. 2 26.0 26. 0 39. I 39 2 38.5 52.4 
52 0 34. 4 33. 7 30.1 30.4 34.4 34 2 34. 8 46.6 
54 0 46. 8 46. 7 41.2 41.5 34.1 33 7 33.7 41 .7 
56 0 59. 5 59. 3 53.3 5 4 . 2 38. 0 3 7  5  3 7. 3 39.0 
580 69. 5 69. 9  53.2 65.4 44.7 44 3  44.8 39.1 
60 0 74. 4 74. 8 72. 1 72.2 52.3 52 3  52. 7 41 .8 
62 0 71. 6 72. 3 73.5 73.4 59.3 5 9  5  59.3 46.4 
64 0 6 5 =  0 6 6 .  0 58.9 680 6 6 3 . 8  6 4  I  6 4 . 2  51 .7 
65 0 52. 7 54. 0 59.7 59.1 64.5 64 8  64. 7 56. 1 
68 0 38. 9 40. 4 46.8 4 6 . 3  61.1 61 5  61.0 58.* 
70 0 29. 8 30. 6 35.7 3 5 . 3  54.6 54 8  54. 1 59.0 
72 0 26e S  2 6 .  6  2 8 . 8  2 8 . 7  4 5  «  6  4 6  7  46.0 56.5 
154 
T  8  T 9  T I O  T 1  l  T 1  2  T 1 3  T 1 4  T  1  5  T O  
2 0 . 2  2 0 .  1  2 0 . 8  2 0 . 5  2 0 . 2  2 2 . 3  2 2 . 6  2 2 . 4  2 2 . 6  
1 9 . 6  l  9 .  5  2 0 . 1  2 0 .  0  1 9 .  j  2 1 . 0  2 1  .  1  2 1  .  l  2 1 . 4  
1 9 . 5  1 9 . 4  1 9 . 8  1 9 . 7  1 9 . 6  2 0 . 5  2 0 . 5  2 0 . 5  2 0 .  a  
2 0 . 0  2 0 .  0  1  > .  7  1 9 . 7  1 9 . 5  2 0 . 4  2  0 . 4  2 3 . 4  2 0 . 6  
2 1  . 7  2 1 . 6  2 0 . 0  1 9 . 9  1 9 . 8  2 0 .  O  2  3 . 3  2 0 . 0  2 0 .  2  
2 4 .  7  2 4 . 4  2 1  . 0  2 0 . 8  2 0 . 6  2 0 . 2  2 0  . 2  2 3  .  1  2 0 . 3  
2 8 . 8  2 9 . 4  2 3 . 0  2 2 . 3  2 2 .  4  2 0 .  9  2 0 . 3  2 0 .  6  2 0 . 6  
3 5 . 0  3 4 . 6  2 5 . 6  2 5 . 3  2 4 . 9  2 2 . 1  2 i  . 9  2 1  . 8  2 1 . 5  
4 1 . 4  4 0 . 9  2 9 .  S  2 9 . 3  2 8 .  S  2 4 . 2  2 4 . 0  2 3 . 7  2 2 . 9  
4 8 . 0  4 7 . 5  3 4  . 4  3 4 . 3  3 3 . 6  2 7 . 2  2 7 . 0  2 6 . 6  2 5 .  2  
5 3 . 1  5 2 . 7  3 9 . O  3 9 .  7  3 8 . 8  3 1 . 2  3  0 . 9  3 3 . 4  2 8 . 2  
5 6  . 3  5 5 . 0  4 4 . 8  4 4 . 9  4 4 . 1  3 5 .  8  3 5 . 5  3 4 . 8  3 1 . 8  
5 t )  . 6  5 6 . 5  4 8 . 9  4 9 . 2  4 8 . 5  4 0 . 2  4 3 . 0  3 9 . 3  3 5 . 5  
5 4 . 3  5 4 . 4  5 1  . 4  5 1 . 5  5 1 . 2  4 4 . 2  4 4 . 0  4 3 . 4  3 8 . 6  
5 0 . 7  5 0 . 9  5 2  . 3  5 2 . 2  5 2 . 0  4 6 .  9  4 6 .  •  J  4 b . 4  4 1 . 2  
4 7 . 2  4 7 .  4  5 1 . 4  5 1 . 5  5 1 . 5  4 8 . 3  4 8 . 3  4 7 . 9  4 2 . 6  
4 2  . 5  4 2 . ^  4 9 . 1  4 9 . 3  4 7 .  1  4 9 . 0  4 9 .  1  4 8 . 9  4 4 . 4  
4 0 . 6  4 0 . 6  4 u  .  5  4 6 . 2  4 6 . 4  4 8 . 3  4 8 . 4  4 3  . 4  4 4 . 6  
4 1  . 2  4 1  . 0  4 4  . 3  4 3 . 3  4 4 . 0  4 6 . 9  4 7 . 0  4 7 .  l  4 4 . 4  
4 4 . 2  4 3 .  9  4 3 . 4  4 2 . 9  4 2  . 8  4 5 . 4  4 5 . 4  4 5  . 5  4  3 . 7  
4 8  . 7  4 8 . 4  4 3 . 9  4 3 . 4  4 3 . 2  4 4 . 4  4 4 . 4  4 4 . 4  4 3 .  1  
S 3  # ô  5 3  .  Z  4 o  .  0  4 5 . 5  4 5 . 2  4 * . 4  4 4 . 3  4 4 . 2  4 2 .  7  
5 7 . 4  5 7 .  2  4 8 .  9  4 8 .  7  4 8 . 2  4 5 . 4  4 5 . 3  4 5 .  1  4 3 .  1  
5 9  . 3  5 9 . 2  5 2 . 0  5 2 . 0  5 1  . 5  4  7 . 3  4 7 . 2  4 6 . 9  4 4 .  1  
5 8 . 3  5 8 .  7  5 4 . 3  5 4 .  4  5 4 .  0  4 9 . 5  4 9 . 5  4 9 . 1  4 5 . 8  
5 5 . 8  5 5 . 9  5 5 . 5  5 5 . 6  5 5 . 4  5 1 . 5  5 1 . 5  5 1 . 2  4 7 . 1  
5 0 . 9  5 1  . 2  5 4 . 9  5 5 .  1  5 5 . 0  5 2 . 9  5 3 . 0  5 2 . 7  4 8 .  3  
4 5 . 5  4 5 . 8  5 2 . 8  5 2 . 8  5 3 .  3  5 3 .  1  5 3 . 2  5 3 . 1  4 8 . 7  
4 1  . 5  4 1 . 7  4 9 . 9  4 9 . 7  5 0  . 0  5 2 . 2  5 2 . 3  5 2 . 4  4 8 .  7  
3 9 . 5  3 9 . 6  4 6 . 7  4 6 . 4  4 6 .  7  5 0 . 5  5 0 . 6  5 3 . 8  4 7 . 9  
4 0 . 0  3 9 . 8  4 4 . 1  4 3 . 6  4 3 . 8  4 3 . 2  4 8 . 4  4 8 . 6  4 7 . 2  
4 2 . 8  4 2 . 6  4 2 . 8  4 2 . 2  4 2 . 2  4 6 .  U  4 6 . 2  4 6 . 3  4 5 . 7  
4 7 . 4  4 7 . 1  4 3 . 0  4 2 e  5  4 2 = 3  4 4 .  5  4 4 ,  j  4 4  =  6  4 4 . 3  
5 2 .  1  5 1 . 8  4 4 . 8  4 4 . 4  4 3 . 9  4 4 . 0  4 4 . 0  4 4 . 0  4 3 . 0  
5 6  «  0  5 5 . 7  4 7 . 5  4 7 .  3  4 6 .  9  4 4 . O  4 4  .  5  4 4 . 4  4 2 . 9  
5 8 . 1  5 7 . 9  5 0  . 5  5 0 . 4  4 9 . 9  4 6 . 1  4 6 .  1  4 5 . 8  4 3 .  7  
5 7 . 8  57. a 5 3 . 0  5 3 .  1  5 2  =  6  4 3 * 2  4 8 . 2  4 7 . 8  4 4 . 8  
IME 
O  
20 
* 0  
6 0  
80 
1 3 O 
1 2  0  
1 * 0  
ISO 
180 
20 0 
22 0 
2*0  
26 0 
230 
390 
32 0 
3* O 
36 0 
380 
400 
42 0 
440 
46 0 
43 0 
50 0 
52 0 
540 
55 0 
530 
60 O 
6 2 0  
64 O 
66 0 
630 
70 0 
72 0 
A-10. Temperature measurement in rock bed system with flow rate, 
void fraction and equivalent spherical diameter at 26.34 
cfm, 45.76% and 0.1293 ft, respectively 
TIN T1 T2 T3 r4 T5 T6 T7 
20. 0 20. 0 20.0 20.0 20 3 20. 3 20.2 20.4 
24. 3 24. 2 22.8 22.8 20 9 20. 7 20. 7 20. 4 
33. 3 32. 8 28.9 29. 1 23 3 22. a 22.9 21.2 
46. 3 46. 1  40.7 41.0 28 9 28. 1  28.4 23.4 
59. 0 59. 0 53.7 54. 0 37 3 36. 3  36.4 27.6 
69. 6 69. 9 65.5 65. 3 47 4 46. 4  47. 1 34.2 
7 4 .  7 75. 7 72.9 73.0 57 1 56 • 5  57.0 42.4 
72. 3 73. 4  74.3 7 4 .  3 64 4 64 • 0  64.4 50 .6 
6S. 9 67. 1  59.7 69.5 67 7 67. s  67.3 57. 6 
53. 8 55. 1  50.0 59.6 66 3 66. 7  66.4 62.0 
40. 4  4 1 .  4  46.8 46.4 59 9 60. 6 60. 0 62.7 
30. 8 31 .  4  35.7 35.4 51 0 51 .  8 51.0 59. 7 
26. 1  26. 2 28.3 23. 1  41 3 42. 1  41.3 53.4 
28. 4  28. 0 27.3 27.3 34 a 35. 1  34.6 46.4 
36. 2  36. 1  32.6 32.8 32 2  32. 0 31.9 40.0 
48. 7 48. 2  43.4 43.6 34 9  34. 2 34,4 36. 6 
60. 9 60. 9 55.8 S o .  1  41 6 40 .  7 41.2 36.9 
70. 6 71. 7 67.4 67.6 51 0 50. 2 50. 8 4 1 . 0  
75. 0  76. 0 73.8 73.9 59 7 59. 1  59.6 47.4 
72. 6 73. 7 74.5 74.4 66 2  65. 9 66.2 54.3 
55 .  7 67. 1  69.6 69.4 68 7 53. 8 68.8 60. 3 
53 .  9 54. 9 59.4 59.5 66 8 67. 2 66.9 63.8 
40. 7  41 .  3 46.7 46.2 60 0 60. 7 60.0 63.4 
31. 2  3 1 .  5 35.7 35.3 50 8 51 .  6 50.9 60.2 
26. 5 26. 4 23.5 28.3 41 4 42. 2  41.5 53. 8 
28. 3 28. 1  27.4 27.4 3 4  6 35. 0 34.3 46.4 
36. 4 36. 3 32.7 32.9 32 1  32. 0 31.8 39.9 
48. 1 4 8 .  1  43.5 4 3.8 35 1  34. 4  34.6 36. 5 
6 1 .  1 61. 4  56.2 56 .  4  42 2 4  1 .  2 4 1 .6 37.2 
70. 7 71 .  4  67.2 6f.4 51 2  50. 2 50.3 41.3 
7 5 .  3 75. 5 73.6 73.7 60 0 59. 4 59.8 47.9 
72. 1  7 3 .  6 74.3 74.2 66 3 66. 0  66.2 54.8 
65. 9 65 a 6  5 9 . Î  6 9 .  9  68 8  68. 3 6 8 . 8  6 1  a 0  
53. 8 54. 1  59.0 58.6 66 4  6 6  .  3 66.4 64.2 
40 .  8 41. 4 46.7 46.2 59 8 60. 5 59.8 63.9 
31 .  3 3 1 .  4  35.6 35.2 50 4  51 .  3 50.5 60.0 
26. 3  26, 5 23.5 28» 3 41 1 42. 0  41.2 53.5 
155b 
T 8  T 9  T I O  T i l  T 1 2  T l  3  T  1 4  T  I S  T O  
2 0  . 4  2 0  . 4  2 0  . 3  2 0 . 3  2 0 .  2  2 0 .  3  2 0 . 2  2 0 .  2  2 0 .  2  
2 0 . 4  2 0 .  3  2 0 . 4  2 0 . 3  2 0 . 2  2 0 . 4  2 0  . 4  2 0  . 4  2 0 .  3  
2 0 . 7  2 0 . 6  2 0 . 4  2 0 . 3  2 0 .  2  2 0 . 4  2 0 . 4  2 0 .  4  2 0 . 4  
2 1  . 9  2 1  . 7  2 0  . 8  2 0 . 5  2 0 .  5  2 0 .  5  2 0 . 5  2 0 .  4  2 0 . 4  
2 4 . 5  2 4 . 3  2 1 . 9  2 1 . 6  2 1 .  3  2 0 .  9  2 0 . 3  2 3 .  7  2 0 .  7  
2 9 . 4  2 9 .  1  2 4  . 2  2 3 . /  2 3 . 3  2 1 . 9  2 1 . 7  2 1  . 6  2 1 . 4  
3 6 . 4  3 6 .  0  2 8 .  1  2  7 . 5  2 7 . 0  2 4 . 0  2 3  . 8  2 3 . 5  2 2 . 9  
4 4  . 3  4 3 .  7  3 3 . 5  3 2 . 3  3 2 .  3  2 7 . 2  2 7 .  )  2 6 . 5  2 5 . 4  
5 2  .  I  5 1  .  b  4 0 . 0  3 9 . 3  3 0 .  5  3 2 . 0  3 1  . 6  3 1  .  1  2 9 . 2  
5 8 . 2  5 7 .  7  4 6 . 5  4 6 . 0  4 b -  2  3 7 . 5  3 7 .  I  3 6 .  4  3 3 . 7  
6 1  . 5  6 1  . 2  5 2  . 4  5 2 . 2  5 1  . 4  4 3 .  5  4 3 .  1  4 2 . 4  3 8 .  7  
6 1  . 1  6 1  .  1  5 6 . 2  5 6 . 2  5 5 . 6  4 8 . 8  4 8 . 6  4 7 . B  4 3 . 4  
5 7 . 2  5 7 . 4  5 7  . 5  5 7 . 7  5 7 . 4  5 2 . 8  5 2 .  6  5 2 .  1  4 7 . 5  
5 1  . 3  5 1 . 6  5 6 . 1  5 6 . 4  5 6 . 4  5 4 .  o  5 4 . 5  5 4  . 2  4 9 . 8  
4 4  . 5  4 4 . 8  5 2 . 3  5 2 . 6  5 2 .  9  5 * .  2  5 4 . 2  5 4 . 2  5 0 . 8  
3 9 . 3  3 9 .  5  4 7 . 6  4 7 . H  4 8 . 1  5 2 . 0  - 3  2 . 0  5 2  =  2  4 9 . 8  
3 7 . 1  3 7 .  1  4 3 . 2  4 3 .  1  4 3 . 4  4 8 .  4  4 8 . 5  4 8 . 8  4 7 . 9  
3 8 . 5  3 8 . 3  4 0  . 5  4 0 . 2  4 0  .  3  4 4 . 3  4 4 . 9  4 5 . 2  4 5 . 4  
4 2  . 9  4 2 . 6  4 0 . 4  3 9 .  a  3 9 .  7  4 2 . 3  4 2 . 3  4 2 . 5  4 2 . 9  
4 9 . 3  4 8 .  a  4 2 . 7  4 2 . 0  4 1  .  6  4 1 . 6  4 1 . 5  4 1  . 5  4 1 . 6  
5 6 . 8  5 5 .  3  4 6 . 9  4 6 . 3  4 5 .  5  4 3 . 0  4 2  .  4  4 2 . 6  4 1 . 8  
6  0  . 8  6 0 . 4  5 1 . 7  5 1 . 3  5 0 . 6  4 6 .  0  4 5 . 8  4 5 .  4  4 3 . 5  
6 3 . 2  6 3 .  0  5 6 . 2  5 6 . 0  5 b . 4  5 0 . 0  4 9 . 8  4 9 . 2  4 6 . 4  
6 2 . 2  6 2 . 2  5 0 . 0  5 9 . 0  5 3 .  6  5 3 .  7  5 3  .  6  5 3 .  1  4 9 . 6  
5 7  . 9  5 8 .  1  s y  . 4  5 9 . 6  5 9 . 3  5 6 . 4  5 6 . 3  5 6 .  0  5 2 .  1  
5 1  . 4  5 1 . 8  5 7 . 2  5 7 . 5  5 7 .  7  5 7 .  3  5 7 . 3  5 7 . 1  5 3 . 3  
4 4  . 4  4 4  . 8  5 . 2 . 8  5 3 . 2  5 3  .  6  5 6 .  0  5 6 .  1  5 6 . 2  5 3 . 3  
3 9 . 2  3 9 . 4  4 7 . 6  4 7 . 3  4 8 .  i 5 3 . 0  5 3 .  I  5 3 . 4  5 1 . 9  
3 7 . 1  3 7 .  I  4 3 .  1  4 3 . 1  4 3 - 4  4 9 .  0  4 9 .  1  4 9 .  5  4 9 . 2  
3 8 . 6  3 8 .  4  4 0  . 5  4 0 . 2  4 0 . 3  4 5  .  1  4 5 . 2  4 5 . 5  4 6 .  1  
4 3  . 4  4 3 . 0  4 0 . 5  4 0 . 0  3 9 . , J  4 2 .  5  4 2 .  i »  4 2 .  7  4 3 . 3  
4 9 . 8  4 9 .  3  4 3  . 1  4 2 . 4  4 1 . 9  4 1 . 9  4 1 . 3  4 1 . 8  4 1 . 9  
5 6  * 6  5 6 »  2  4 7 = 7  4 7 . 2  4 ^ . f )  4 3 .  o  4 3 . 5  4 3 , 2  4 2 . 3  
6 1  . 5  6 1  .  1  5 2 . 7  5 2 . 2  5 1  .  ( j  4 t > .  9  4 6 .  7  4 6 . 2  4 4 . 4  
6 3 . 5  6 3 .  3  5 6 . 8  5 6 . 7  5 u .  I  S O  .  7  5 0 . 6  5 J  .  0  4 7 . 2  
6 2  . 1  6 2  . 2  5 9 . 4  5 9 . 4  5 9  .  1  5 4 . 4  5 4  .  3  5 3 .  8  5 0 . 2  5 7 . 7  5 7 , 9  5 9  o  6  5 9 o a  5 9 .  7  5 6  . 8  5 6 . 8  5 6  . 4  5 2 . 4  
ME 
O 
2 0 
»0 
60 
3  0  
10  0  
12 0 
1 * 0  
1 5  0  
1 8 0  
2 3  0  
22 0 
2 4  0  
2 5  0  
280 
300  
32  0  
3 $  0  
3 5  0  
3 8  0  
4 0  0  
42 w 
4 4  0  
4 6  0  
4 8 0  
5 0  0  
5 2  0  
5 4  0  
5 6  0  
5 3 0  
6 3  0  
6 2  0  
6 4  0  
6 5  0  
6 3 0  
7 0  0  
7 2  O  
A-11.  Temperature measurement  in  rock bed system with f low rate ,  
void fract ion and equivalent  spherical  diameter  at  35.99 
cfm,  45.76% and 0 .1293 f t ,  respect ively  
TIN T1 T2 T3 T4 T5 T6 T7 
1 6 .  0  1 5 .  9  1 5 . 6  1 5 . 9  1 6 .  0  1 6 .  1  1 6 . 0  1 6  .  
2 3 .  7  2 3 .  6  2  1 . 8  2 1 . 9  1 8 .  4  I B .  0  1 8 . 0  1 7 .  
3 2 .  9  3 2 .  9  2 9 . 0  2 ) . 2  2 2 .  9  2 2 .  2  2 2 . 3  1 9 .  
4 5 .  2  4 6 .  0  4 1 . 0  4 1 . 5  3 0 .  9  2 9 .  6  3 0 . 0  2 3 .  
5 9 .  5  5 9 .  6  5 4 . 6  5 4 . 9  4 1  .  2  3 9 .  7  4 0 . 2  3 0 .  
6 9 .  9  7 1  .  1  5 7 . 0  ùr ,p .  5 2  .  a  5 1  .  5  5 2 . 0  4 0 .  
7 4 .  0  7 5 .  1  7 3 . 3  7 1 . 2  6 2 .  3 6 1  .  3  6 1 . 7  4 9 .  
7 1  - 5  7 3 .  0  7 3 . 8  7 3 . b  6 9 .  4 6 8 .  0  6 8 .  2  5 8 .  
6 4 .  4  6 5 .  5  5 8 . 1  6 7 . 9  6 9 .  2 6 9 .  4  6 9 . 2  6 4 .  
5 1  .  6  5 2 .  4  5 7 . 2  5 5  . 8  6 4  .  b  6 5  .  5  6 4 .  0  6 5 .  
3 8 .  2  3 8 .  7  4 3 . 5  4 3 . 1  5 5 .  1  5 6  .  4  5 5 .  7  6 2 .  
2 8 .  4  2 8 .  6  3 2 . 2  3 1 . 9  4 3 .  9  4 5 .  4  4 4 .  6  5 5 .  
2 3 .  7  2 4 .  0  2 5 . 4  2 5 . 3  3 4 .  3  3 5 .  4 3 4 . 3  4 5 .  
2 5 .  8  2 5 .  6  2 4 . 8  2 4 . 8  2 8 .  7  2 9 .  1  2 8 . 8  3 7 .  
3 6 .  3  3 6 .  3  3 2 . 2  3 2 . 4  2 8 .  8  2 8 .  3  2 8 .  3  3 2 .  
4 8 .  5  4 8 .  6  4 3 . 8  44. 1  3 4 .  6  3 3 .  6  3 3 . 9  3 1  .  
6 1 .  3  6 1 .  4 5 6 - 7  5 7 . 0  44. 1  4 2 .  7 4 3 . 2  3 6 .  
7 2 .  0  7 2 .  5  6 8 . 8  6 9 . 0  5 5 .  4 5 4 .  1  5 4 . 6  4 4 .  
7 6 .  2  7 6 .  9  7 4 . 9  7 5 . 0  6 4 .  6  6 3 .  6  6 4 . 0  6 2 .  
7 3 .  5  74.' 3  7 5 . 2  75 . 1  7 3  .  3  6 9  .  9  7 0 .  1  6 1  .  
6 6 .  2  6 7 ,  0  6 9 . 6  t > 9 . 4  7 0 .  9  7 1  .  1  7 0 . 9  6 6 .  
5 3 .  4  S 4 .  2  â â . < >  5 9 . 6  6 6  «  2  6  f  .  1  6 6 .  6  6 7 .  
4 0 .  5  4 0 .  9  4 5 . 7  4 5 . 3  5 7 .  0  5 8 .  4 5 7 . 7  6 4  .  
3 0 .  5  3 0 .  6  3 4 . 2  3 3 . 9  4 5 .  7  4 7 .  2  4 6 .  4  56. 
2 6 .  0  2 5 .  9  2 7 . 6  2 7 . 5  3 6 .  5  3 7 .  Ô  3 7 . 0  47. 
2 3 .  1  2 7 .  9  2 7 . 1  2 7 . 1  3 0  .  9  3 1  .  4  3 1 . 1  3 9 .  
3 6 .  2  3 6 .  2  3 2 . 8  3 3 . 0  3 0 .  6  30. 2 3 0 . 2  34, 
4 8 .  6  4 8 .  9  4 4 . 3  4 4 . 6  3 6 .  0  3 5 .  0 3 5 .  3  3 3 .  
5 1 .  8  6 2 .  1  5 7 . 5  5 7 . 7  4 5 .  3  4 3 .  9  44.4 3 7 .  
7 2 .  2  7 2 .  9  5 9 . 0  6 9 .  2  5 5 .  0  5 4 .  7 5 5 . 2  4 5  .  
7 5 .  9  7 7 .  0  7 5 . 0  7 5 .  1  6 4 .  & 6 3 .  8  6 4 . 2  5 3 .  
7 3 .  1  7 4 .  1  7 5 . 2  7 5 . 2  7 0 .  4  7 0  .  0 7 0 . 2  6 1  .  
6 6 .  3  6 7 .  1  5 9 . 7  6 9 . 5  7 1  .  0  7 1  «  2  7 1 . 0  6 6 .  
5 3 .  9  5 4 .  3  5 9 . 0  5 8 . 5  6 6 .  4 6 7 .  1  6 6  .  6  6 7 .  
4 0 .  4  4 0 .  6  4 5 . 7  4 5 . 2  5 7 .  2  5 8 .  6  5 7 . 8  6 4  .  
3 0 .  8  3 1  .  0  3 4 . 5  3 4 . 2  4 6 .  3  4 7 .  7 4 7 . 0  5 7 .  
2 6 .  1  2 6 .  0  2 7 . 8  27.6 3 5 ,  8  3 8 .  0 3 7 * 4  4 8 .  
7  
1 
3  
3 
3  
3  
6 
3  
1 
6 
4  
1 
8 
S  
0 
7  
0 
O 
à  
0
3 
b  
4  
7  
9  
7  
3  
6 
6 
1
S 
4
5  
8 
5  
2 
5  
1 7 
17 
I 7 
la 
20 
24 
2«) 
36 
42 
48 
52 
54 
S 3  
50 
46 
41 
3a 
37 
39 
43 
46 
52 
56 
57 
56 
53 
48 
4  j  
3 9  
3a 
40 
44, 
48 
53 
56 
57 
156b 
T 8  T 9  T  1  0 T i l  T  1  2  r  1  3  T  I  4  T 1 5  
1  7 . 1  1 7 .  1  1 7 . 5  1  7 . 5  1 7 . 6  6 .  1  1 8 . 1  1 3 . 2  
1  6  . 9  1 6 . 9  1 7 . 2  1 7 . 2  1  7 .  1  1 7 . 7  1 7 . 7  1 7 . 7  
1  8 . 0  1 7 . 9  1 7 . 4  1 7 .  ?  1 7 . 0  1 7 . 5  1  7 . 5  1 7 . 4  
2 1 . 0  2 0  »  8  1 M . 6  1 8 . 2  1 8 .  J  1 7 .  d  1  7 .  7  1 7 . 6  
2 6 . 3  2 5 , 3  2 1 . 5  2 0 . V  2 0 . 5  1 ^ . 2  1 9 . 0  I B  . 8  
3 4 . 2  3 3 .  7  2 o  .  6  2 5 ,  7  2 3 .  2  2 2 .  i  2 1 . 8  2 1  .  5  
4 3  . 2  4 2 . 6  3 . - 5  3 2 . 3  3 1 . 6  2 6 . 7  2 6 . 3  2 5 . 8  
5 2 . 8  5 2 . 2  4 1  . 6  4 0 .  7  3 9 . 3  3 3 . 5  3 2  . 9  3 2  . 2  
5 0  . 2  5 9 . 7  4 9 . 4  4 9 . 0  4 3  .  1  4 0 .  d  4 0 . 2  3 9 . 4  
6 4 . 2  6 3 .  9  5 6 . 3  5 5 .  j  5 5 .  1  4 8 .  1  4  7 . t j  4 6 . 8  
6 3 . 9  6 3 . 8  6 0 . 2  6 0 . 2  5 9  .  6  5 4 .  0  5 3 . 7  5 3 . 0  
5 9 . 2  5 9 .  X 6 0  . 5  6 0 . 3  6 0  .  Ô  5 7 . 6  5  7 . 5  5 7 .  Q  
5 1  . 3  5 1  . V  5 7 . 1  5 7 .  7  5 7 . 8  5 8 .  2  5  H  .  1  5 3 . 0  
4 2 . 7  4 3 .  1  5 1  . 1  5 1  .  1  5 2 . 2  5 5 .  5  5 5  .  6  5 5 .  8  
3 5 . 3  3 5 .  6  4 3 . 6  4 4 . 2  4 4  .  ( >  5 0 . 2  5 0 . 4  5 0  . 8  
3 2 . 3  3 2 . 3  3 9 . 1  3 8 . 3  3 8 . 6  4 4 , 5  4 4 . 8  4 5 . 3  
3 3 . 6  3 3 . 4  3 5 . 2  3 5 . 0  3 5 .  I  3 9 .  6  3 9 . 8  4 0 . 2  
3 9 . 2  3 8 . 8  3 5 . 0  3 5 . 3  3 5 .  )  3 6 .  9  3 6 .  9  3 7 .  1  
4  7 . 2  4 6 . 6  4 0 . 0  3 9 . 3  3 0 . 6  3 7 . 4  3 7 . 2  3 7 . 1  
5 5 . 8  5 5 .  2  4 6 . 4  4 5 . 5  4 4 .  i.i 4 0 .  8  4  0 .  5  4 0  .  1  
6 2  . 6  6 2 . 2  5 3 . 3  5 2 . 5  5 1  . £ (  4 6 . 2  4  5 . 8  4 5 . 2  
Ô O  . 4  6 6  .  1  5 9 . 2  5 8 .  8  5 3 .  1  5 2 . 2  5  I  . 9  5 1  . 2  
6 5  . 9  6 5  .  6 2  . 7  6 2 . 6  6 2 . 2  3 7 . 4  5 7 .  I  5 6 .  5  
6 0 . 8  6 1  .  i  6 2 . 7  6 3 . 0  6 2 . 8  6 0  .  6 0 . 4  6 0 . 0  
5 3 . 3  5 3 . /  5 3 . 2  5 9 .  S  6 0 .  0  6 0 .  6  6 0  .  6  6 0  .  5  
* 4  . 8  4 S . 2  5 1 . 2  5 3 .  j  5 4 . 3  5 7 . 8  5 8 . 0  5 8 . 2  
3 7 . 8  3 8 . 0  4 o  «  0  4 6 . S  4 7 .  1  3 2 .  7  5 2 . 9  5 3 .  3  
3 4 . 3  3 4 . 4  4 0 .  )  4 0 . 2  4 3  . 6  4 6 . 4  4 6 .  7  4 7 . 2  
3 5 . 4  3 5 .  2  37, 1  3 6 .  8  3 " J .  9  4 1 . 5  4 1 . 7  4 2  . 0  
4 0  . 6  4 0 . 2  3  7 . 6  3 7 . 0  3 6 .  S  3 8 . 8  3 8 . 8  3 8 . 9  
4 8 . 0  4 7 .  4  4 1  . ?  4 0 . 4  3 9 . 9  3 9 . 0  3 8 . 9  3 8 . 9  
5 6 . 3  5 5 . 8  4 7 . 4  4 6 . 5  4 5 . 8  4 2 .  1  4 1 . 9  4 1 . 5  
6 3  . 0  6 2 . 5  5 4 . 0  5 3 . 4  5 2 . 6  4 7 . 3  4 6  . 9  4 6 . 3  
6 6  . 6  6 5 .  4  5 9 . 7  5 9 . 3  5 8 . 6  5 3 . 0  5 2 . 6  5 2 .  0  
6 6  . 0  6 5 . 0  6 3 . 0  6 2 . 3  6 2 . 5  5 7 . 8  5 7 . 6  5 7 . 0  
6 1  . 2  6 1 . 5  6 3 .  0  6 3 . 2  6 3 .  1  6 0 . 8  6 0 . 7  6 0 . 3  
5  3  . a  5 4 . 2  5 9 , 7  6 0  a  2  6 0 »  4  6 1  . 0  6 1 . 0  6 0 . 9  
Table A-12. Temperature measurement in rock bed system with flow rate, 
void fraction and equivalent spherical diameter at 27.09 
cfm, 44.06% and 0.1293 ft, respectively 
T I N  T L  T 2  T  3  T 4  T 5  TS  T 7  
0  1 9 .  4  1 9  3  1 9 . 4  1 9 . 3  1  V  .  6  1 9 .  6  1 9 . 6  2 0 .  2  
2 0  2 6 .  8  2 6  1  2 4 . 2  2 4 .  3  2 1  .  0  2 0 .  7  2 0 . 7  2 0 .  2  
» 0  3 4 .  7  3 4  4  3 0 . 6  3 0 .  a  2 4 .  0  2  3 .  5  2 3 . 6  2 1  .  2  
6 0  4 6 .  8  4 6  5  4  1 . 5  4 1 . 8  2 9 .  7  2 A .  B  2 9 . 2  2 3  .  8  
3 0  6 0 .  1  5 9  9  5 4 . 5  5 4 . 9  3 8 .  2  3 7 ,  2  3 7 .  a  2 8 .  4  
1 0 0  7 0 .  7  7 0  9  5 6 . 7  6 6 .  9  4 3 .  5  4  7 .  6  4 8 . 2  3 5 .  3  
1 2 0  7 4 - 6  7 5  0  7  3 . 2  7 3 . 4  5 7 .  7  5 7 .  I  5 7 ,  6  4 3  a  2  
1 » 0  7 3 .  1  7 3  8  f 4 . 3  7 4 . 4  6 4 .  9  6 4  .  6  6 5 . 0  5 1  .  5  
I S O  5 6 .  2  6 7  1  6 9 . 6  6 9 .  4  6 3 .  1  6 a .  1  6 8 .  1  5 8 .  3 
1 3 0  5 4 .  6  5 5  5  6 0 . 3  6 0 . 0  6 5  .  7  6 7 .  1  6 6 .  8  6 2 .  5  
2 0  0  4 1  .  5  4 2  1  4 7 . 4  4 7 .  0  6 3  .  4  6  1 .  1  6 0 . 5  6 3 .  2  
2 2 0  3 1  .  5  3 2  0  3 6 . 2  3 5 . 9  5 1  .  6  52. 4 5 1 . 7  6 0 .  2  
2 4  0  2 6 .  1  2 6  2 2 8 . 4  2 8 .  2  41 . 7  42 . 5  4 1  . 3  5 3 .  a  
2 S 0  2 8 .  0  2 7  8  2  7 . 2  2 r . 2  3 5 .  0  3 5 .  4 3 5 .  0  4 6 .  8  
2 3  0  3 5 .  7  3 3  4  3 2 . 0  3 2 . 2  3 2 .  3  :J2. 2 3 2 . 0  4 0 .  4  
3 0  0  4 7 .  5  4 r  6  4 2 . 8  4 3 .  0  3 4 .  7  .54. 0 3 4 . 2  3 6  .  S  
3 2  0  6 0 .  3  6 0  4  5 5 . 4  5 5 .  6  4 1  .  3  40. 4  4 0 .  3  3 6 .  9  
3 $ 0  7 0 .  3  7 1  0  5 5 . 9  6 7 .  1  5 0  .  4  49. 4 4 9 .  9  4 0 .  7  
3 6  0  7 4 .  7  76 1  7 3 . 8  7 3 .  9  5). 5  5 8 .  9  5 9 . 3  4 7 .  4  
3 3 0  7 2 .  7  7 3  9  7 4 . 7  7 4 .  7  6 6 .  1  6 5 .  8  6 6 .  1  5 4 .  3  
* 0 0  6 6 .  9  6 7  6  f O . l  6 9 . 8  6 9  .  9  6 9 .  0  6  9 .  0  6 0  •  3  
42 0 5 4 .  9 53 / & 0 . 6  6 3 .  3  6 7 .  3 6 7 .  7  6 7 . 4  6 3 .  9  
4 4  0  4  1  .  6 4 2  2  4  7 . 6  4 7 .  2  6 0  .  9  6  1  .  6  6 1 . 0  6 4 .  2 
4 5  0  3 1  .  5  3 1  7  3 6 .  1  3 5 .  8  5 1  .  6  5 2 .  4  5 1 . 7  6 0  .  6  
4 3 0  26. 5  2 6  5  2  8 . 6  28. 4 4 1  .  3  42. 6  4 1 . 9  5 4 .  2  
5 0  0  2 A .  1  2 7  9  2 7 . *  27. 4 3 4  .  9  3 5 .  4  3 4 . 9  4 6  .  y  
5 2 0  3 6  .  1  3 5  7  3 2 . 2  32.4 3 2  •  3 32. 2 3 2 .  0  4 0 .  s 
5 4  0  4 7 .  8 4 7  5  4 2 . 3  4 3 .  1  3 4 .  8  34. 2 3 4 . 3  3 6  .  8  
5 6  0  50. 5  6 0  4  5 5 . 4  55. 7  4 1  .  6  40. 6  4 1 . 0  3 7 .  1  
5 3  0  7 0 .  2  7 1  3  5 7 . 2  6 7 .4 5 1  .  0  50. 0 5 0 . 5  4 1  .  2  
5 3  0  7 3 .  9 7 5  1  7 3 . 1  7 3 .  2  5 9 .  3  58. 7  5 9 .  1  4 7 .  4  
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R ?  T i o  T I I  r i 2  T t j j  T I 4  r i b  T O  
2 0 . 4  2 0 .  4  2 1 . 0  2 1 . 0  2 1  .  0  2 1 . 6  2 1  . o  2 1  .  6  2 1 . 8  
2 0 . 2  2 0 .  2 ) .  6  2 0 . 5  2 3  .  (> 2 1 . 2  2 1  . 3  2 1  .  3  2 1 . 3  
2 0 . 5  2 0 .  6  2 0 . 4  2 0 .  4  2 0 .  4  2 0 .  9  2 1  . 0  2 1  .  0  2 1 . 0  
2 2 . 0  2 1  .  9  2 0 . 9  2 0 . 7  2 0 .  : * 2 1 . 0  2 1  .  1  2 1  .  0  2 1 . 1  
2 5 .  1  2 4 .  y  2 2 . 1  2 1 .  i  2 1  .  2 1  .  1  ?  1  . 0  2 1  .  o  2 1 . 0  
3 0 , 6  3 0 .  1  2 4 . 7  2 4 .  l  2 3 .  7 2 2 .  0  2 1 . 4  2 1  .  7  2 1 . 6  
3 7 , 3  3 6 .  'i 2 9 . 8  2 8 . )  2 r  .  i 2 4 .  0  2 3 . 5  2 3 .  3  2 3 . 0  
4 5 . 3  4 4 .  8  3 4 . 4  3 3 . 5  3 2 .  6  2 7 . 4  2 6  . 6  2 5 .  3  2 5 . 6  
5 3 . 0  5 2 .  5  4 0  . 9  3 9 . 3  3 3 .  9  3 2 .  1  3 1 . 1  3 0 .  5  2 9 . 4  
5 8 . 8  5 8 .  5  4 7 . 5  4 6 . S  4 5 - 3  3 7 .  t >  3 6 . 4  3 5 .  7 3 4 . 2  
6 2  . 0  6 1  .  3  5 3 . 2  5 2 . 5  5 1  .  6  4 3 . o  4 2 . 3  4 1  .  5  3 9 . 6  
6 1  . 6  6 1  .  6  5 / . 0  5 6 . 5  5 5  «  i 4 3 .  9  4 7 . 8  4 7 .  0  4 4 . 9  
5 7 . 6  5 7 .  7  S t i .  1  5 8 . 1  5 7 .  a  5 3 .  2  5 2 . 2  S I  .  6  4 9 . 6  
5 1 . 7  5 2 .  0  5 6  . 6  5 6 . 3  5 7 .  0  5 5 .  1  5 4 . 5  5 4 .  1  5 2 . 4  
4 5 . 1  4 5 .  4  5 2 . 0  5 3 .  3  5 3 .  5 5 . 0  5 4 . 3  5 4  .  r  5 3 . 4  
3 Q  . 6  3 9 .  8  4 8 . 0  4 8 .  • *  4 9 .  0  5 2 .  a  5 3 . 0  S 3 .  1  5 2 . 6  
3 7 , 2  3 7 .  2  4 3 . 4  4 3 . r  4 »  .  2  4 9 . 4  4 9 . a  5 0 .  1  5 0 . 1  
3 8 . 3  3 8 .  2  4 0 . 6  4 0 .  3  4 3 .  3  4 5 . 6  4 6 .  1  4 6 .  5  4 6 . B  
4 2  . 9  4 2 .  6  4 0 . 3  3 9  .  • • )  3 9 .  a  4 2 .  b  4 3 .  0  4 3 .  2  4 3 . 7  
4  9 . ?  4 8 .  8  4 2 . 6  4 2 . j  4 1  .  4  4 1 . 6  4  1 . 7  4 1  .  a  4 1 . 9  
5 5 . 7  5 5 .  3  4 6 . 8  4 6 . 3  4 5 .  3  4 2 . 7  4 2  . 4  4 2  .  2  4 1 . 9  
6 0 . 8  6 0 .  5  5 1 . 7  3 1 . 0  5 0 .  2  4 j  . 6  4 4 . 9  4 4 .  5  4 3 . 6  
6 3  . 4  6 3 .  2  5 6 . 2  5 5 .  r  5 5 .  0  4 9 .  4  4 8 . 6  4 3 .  1  4 6 . 6  
6 2 . 5  6 2 .  5  5 9  . 2  5 8 . 3  5 3 .  5  5 3 . 3  5 2 . 6  5 2 .  1  5 0 .  0  
5 6 . 1  5 8 .  3  5 9 .  7  5 9 . 7  f9 .  ô  5 6 . 3  5 5 . 6  5 5 .  2  5 3 . 4  
3 1 . 7  5 2 .  1  5 7 . 5  5 7 .  S  S U ,  1  5 7 .  ^  3 7 .  1  5 6 .  9  5 5 . 4  
4 5 . 1  4 5 .  4  5 3 . 4  5 3 . 3  5 4  .  ' i  5 6  .  6  5 6 . 6  5 5  .  6  5 5 . 6  
3 9 . 7  3 9 .  9  4 i i . 3  4 9 . 3  4 9 .  4  5 3 .  9  5 4 . 3  5 4 .  5  5 4 . 0  
3 7 . 3  3 7 .  3  4 3 . 5  4 3 . 9  4 4 .  4  5 0 . 0  5 U  .  6  3 0 .  9  5 1 . 0  
3 8 . 7  3 8 .  5  4 0 . 7  4 0 . 5  4 0 .  3  4 5 .  9  4 6 . 5  4 6 .  y  4 7 . 3  
4 3  . 0  4 2  .  r  4 0  . 5  4 0 . 1  3 9 .  3  4 3 . 0  4 3 . 5  4 3 .  7 4 4 . 2  
Table  A-13.  Temperature measurement  in  rock bed system with f low rate ,  
void fract ion and equivalent  spherical  diameter  at  27-97 cfm,  
43.32% and 0 .1293 f t ,  respect ively  
T I M P  T I N  T  1  T 2  T 3  T 4  T 5  T 6  T 7  
0  3 3 .  8  3 3 . 9  3 3 . 9  3 3 . 9  3 4 . 2  3 4 . 2  3 4 . 1  3 4 .  6  
^ 0  4  ]  .  0  4 1 . 9  4 0 .  1  4 0 . 1  3 5 .  9  3 5 . 5  3 5 . 5  3 4 .  7  
4 0  4  1  .  5  4 2 . 0  4 2 . 0  4 2 . 0  3 8 . 0  3  7 . 7  3 7  ,  9  3 5 .  6  
I S O  4  3 9 .  7  4 0 . 2  4  0 . 1  3 9 .  2  3 9 .  1  3 9 .  1  3 7 .  0  
s o  5 0 .  2  4 9  . 6  4 4 . 9  4 5 . 1  4 0 . 6  4 0 . 4  4 0 .  4  3 8 .  2  
1  0 0  7 1 .  5  7 3 . 2  6  4 . 0  6 6 . 5  4 6 . 6  4 5 . 8  4 6 . 2  4 0 .  4  
I  ? 0  S S ,  I  8 9 . 3  9 2 . 6  8 2 .  8  5 7 .  2  5 6 . 4  5 7 . 2  4 5 .  0  
1 4 1  8 0  .  2  8 2 .  1  8 4 . 8  8 4  . 5  6 3 . 0  6 7 . 8  6 3 . 3  5 2 .  3  
1  60 5 7 .  1  5 9 .  1  6 8 . 5  6 7 . 9  7 1 . 8  7 2 . 2  7 2 .  1  5 9 .  6  
I  S O  4 T  ,  2  4 4 .  1  4 9 . 9  4 9 . 4  6 6 .  6  6  7 . 4  6 6 . 8  6 4 .  2  
? 0 0  4 4 .  1  4 4 . 2  4 4 . 5  4 4 . 4  5 8 .  1  5 8 . 6  5 8 . 0  6 3 .  8  
? ? 0  4 4 .  4  4 4 . 5  4 4 . 9  4 4 . 9  5 2 .  2  5 2 . 4  5 2 . 0  5 0 .  5  
f  4 0  4 3 .  6  4 3 . 5  4 4 . 2  4 4 . 1  4 3 .  2  4 8 . 3  4 8 . 0  5 5 .  0  
4 5 .  4  4 5 . 2  4 4 , 6  4 4 . 6  4 6 .  1  4 6 . 0  4 5 . 8  5 2 .  0  
?  S O  4 4 .  3  4 4 . 5  4 5 . 2  4 5 .  1  4 5 .  4  4 5 . 4  4 5 . 2  4 9 .  0  
3 0  0  4 2 .  0  4 2 . 0  4 2 . 9  4 2 . 8  4 4 .  5  4 4 . 6  4 4 . 4  4 7 .  0  
? ? 0  5 1  .  8  5 1 . 6  4 7 . ?  4  7 . 5  4 4 .  8  4 4 . 5  4 4 . 5  4 5 .  8  
- s t O  7 4 ,  4  7 3 . 9  6  5 . 0  6 5 . 6  4 9 .  7  4 8 . 8  4 9 .  2  4 6 .  1  
• " = . 0  S S .  0  B P .  3  8  3 . 4  8 3 , 7  5 9 .  7  5 8 . 8  5 9 . 5  4 9 .  5  
y a r\ 6 0 .  5  3 5 . 3  8 5 .  0  6 9 .  7  6 9 . 5  7 0 . 0  5 5 .  8  
4 0 0  5 7 .  3  5 9 . 5  6 8 . 5  6 7 . 8  7 3 . 0  7 3 .  4  7 3 . 3  6 2 .  5  
i - 0  4  1 .  a  4 4 * 7  G  0  .  2  4  9  .  f ?  6 7 . 3  6 8 . 2  6 7 . 6  6 6  .  2  
4 4 0  4 4  .  4  4  4 . 3  4 4 . 9  4 - 4  . 8  5 9 .  0  5 9 . 6  5 9 . 0  6 5 .  4  
& f O  4 4  .  6  4 4 . 6  4 5 . 0  4 4 . 9  5 2 . 5  5 2 . 8  5 2 . 4  6  1  .  4  
4 S 0  4 3 .  9  4 3 . 9  4 4 . 4  4 4  .  3  4 9 .  5  4 8 . 6  4 9 . 3  5 6 .  6  
5 0 0  4 5 .  5  4 5 . 7  4 4 . 7  6 4 . 7  4 6 . 3  4 6 . 4  4 6 . 2  5 2 .  4  
5 ? 0  4 4 .  6  4 4 . 7  4 5 .  3  4 5 . 2  4 5 .  6  4 5 . 5  4 5 . 4  4 9 .  4  
5 4 0  4 2 .  1  4 2 . 3  4  3 . 0  4 2 . 9  4 4 . 7  4 4 . 8  4 4 . 6  4 7 .  4  
5 6 0  5 2 .  3  5 2 . 0  4 7 . 4  4 7 . 7  4 4 .  9  4 4 . 6  4 4 . 6  4 6 .  1  
«=: AO 7 3 .  9  7  3 . 3  6 4 . 5  6 5  .  0  4 9 .  7  4 8 . 8  4 9 . 2  4  6 .  4  
6 0 0  8  9 .  5  8 9 . 2  8 3 . 4  9 3 .  7  5 9 . 9  5 9 . 0  5 9 . 7  4 9 .  8  
' S r î O  9 0 .  9  8 1 . 8  8 5 . 0  9 4 . 7  6 9 .  7  6 9 . 4  6 9 . 9  5 6 .  0  
6 4 0  5 7 .  5  5 ^ . 4  6 9 . 5  6 7 . 8  7 2 . 8  7 3 . 2  7 3 .  1  6 2 .  5  
6 A 0  4 4 .  7  4 4 . 9  5 0 . 5  5 0 .  I  6 7 . 4  6 8 . 2  6 7 . 6  6 6 .  2  
6  S O  4 4  a 3  4 4 . 4  4 4 . 9  4 4 . 9  5 3 .  9  5 9 . 4  5 8 . 8  6 5 .  4  
7 0 3  4 4  .  9  4 4 . 8  4 5 .  1  4 5 . 0  5 2 .  6  5 2 . 9  5 2 . 4  6 1  .  5  
T 8  T 9  T I O  T i l  T l 2  T l 3  T 1 4  T l 5  T O  
3 4 . 6  3 4  .  6  . ^ 4 ,  4  3 4 .  3  3 4 .  
3 4 . 5  3 4 .  5  3 4 .  5  3  4 .  4  3 4 .  
3 4 . 9  3 4 .  8  3 4 .  5  3 4 .  5  3 4 .  
3 5 . 9  3 5 .  e 3 4 .  a  3 4 .  a 3 4 .  
3 7 .  1  3 7 .  0  3 5 .  6  3 5 .  4  3 5 .  
3  8 . 7  38. 5  35. 5  3 6 .  3  3 6 .  
4  1 . 6  4 1  .  4  3 8 .  0  3 7 .  7  37. 
4 7 . 1  4 6 .  7  4 0 .  7  4  0 .  1  39. 
5 4 . 0  5 3 .  6  4  4 .  6 4 3 .  9 4 3 .  
6 0 . 4  6 0 .  0  5 0 .  0  4 9 .  2  4 8 .  
63.3 6 3 .  1  5 5 .  0  5 4 .  4  S 3 .  
6 2 . 2  6 2 .  2 58. 0  5 7 .  7  5 7 .  
5 8 . 8  5 6 .  8 5 9 .  0  5 9 .  0  5 8 .  
5 4 . 7  5 4 .  e 5  n .  0  5«^. 2 5 8 .  
5 1 . 1  5 1  .  2  5 5 .  7 5 5 .  9  5 6 .  
4 8 . 5  4 8  .  6 5  3 .  0  5  3 .  2  53. 
4 6 .  f l  4 6 .  p 5 0 .  6 5 0 .  7  5 0 .  
4 6 . 0  4 6 .  0  4 8 .  ft  4 8 .  6  4 8 .  
4  7 . 2  4 7 .  1  4  7 .  6 4 7 .  4  4 7 .  
5  1 . 4  5 1  .  1 4P. 9 4 7 .  7 4 7 .  
5 7 .  5  5 7 .  1  5 0  .  7  5 0 .  0  4 9 .  
63; 1  62^ 7  54. 6 5 4 .  0  53-
6 5 . 2  65. 1  5 8 .  4  58. 0  57. 
63.o 6 2 .  7  6 0 .  P 60. 7  6 0 .  
5 9 . 7  59. 8 6 1 .  I  6  1 .  2 6 1  •  
5 5 . 4  55. 5  5 P .  6 59. S 6 0 .  
5 1.6 5 1  .  8 56. Q 5 7 .  2 5 7 .  
4 3 . 9  4 9 .  0  5 3 .  9  5 4 .  1  5 4 .  
4 7 . 1  4 7 .  2 5 1  .  •» 5 1  .  4  5 1  .  
4  6.3 4 6 .  3  40, 2 4 9 .  2 49. 
4  7 . 6  4 7 .  4  48. 0  4 7 .  9 4 7 .  
5  1 . 6  51. 2 4 8 .  5  43. 1  47. 
5  7 . 6  5 7 .  1  5 0 .  9  50. 2 4 9 .  
6 3 . 0  6 2 .  7  5 4 .  7  54. 0  53. 
65.2 6 5  .  1  5 8 .  6 53. I 5 7 .  
6 3 . 6  6 3 .  7  6 1  .  0  6 0 .  8 6 0 .  
3 4  0  3 3 .  9  3 3 . 9  3 3 . 8  
3 4  3  7 4 .  2  3 4 . 2  3 4 .  1  
3 4  4  3 4 .  3  3 4 . 2  3 4 . 2  
3 4  6  3 4 .  5  3 4 . 5  3 4 . 4  
3 4  9  3 4 .  8  3 4 . 7  3 4 . 6  
3 5  4  3 5 .  2  3 5 .  1  3 5 .  0  
3 6  1  3  5 .  8  3 5 . 7  3 5 . 6  
3 7  5  3  7 .  0  3 6 . 8  3 6 . 7  
3 9  4  3 8 .  6  3 8 . 4  3 8 .  3  
4 2  7  4  1  .  5  4 1 . 1  4 0  . 9  
4 7  1  4 5 .  5  4 5 .  0  4 4 . 6  
5 1  1  4 9 .  5  4 8 . 9  4 8 .  1  
5 4  4  5 3 .  0  5 2 . 6  5 1 . 3  
5 6  5  5 5 .  5  5 5 . 2  5 3 . 6  
5 6  6  5 6  .  2  5 6 . 0  5 4 . 4  
5 5  6  5 5 .  5  5 5 . 6  5 4 . 0  
5 3  8  5 4 .  0  5 4 . 2  5 2 . 8  
5 1  8  5 2 .  2  5 2 . 3  5 1 . 2  
5 0  0  5 0 .  4  5 0 . 6  4 9 . 7  
4 8  7  4 9 .  0  4 9 . 1  4 8 . 4  
4 8  7  4 8 .  6  4 8 . 6  4 8 . 1  
5 0  2  4 9 .  7  4 3 . 4  4 3 . 9  
5 2  7 5 1  .  8  5 1 . 4  5 0 . 8  
5 5  6  5 4 .  6  5 4 . 2  5 3 . 2  
5 8  0  5 7 .  0  5 6 .  7  5 5 . 3  
5 9  2  5 8 .  5  5 8 . 3  5 6 .  5  
5 8  8  5 8  «  6  5 8 . 6  5 6 . 8  
5 7  3  5 7 .  4  5 7 . 6  5 5 . 9  
5 5  2  5 5 .  6  5 5 .  8  5 4 . 4  
5 3  1  5 3 .  7  5 3 . 8  5 2 .  6  
5 0  8  5  1  .  4  5 1 . 6  5 0 . 6  
4 9  6  5 0 .  0  5 0 . 0  4 9 . 3  
4 9  3  4 9 .  3  4 9 . 2  4 8 . 7  
5 0  7  5 0 .  3  5 0 . 0  4 9 . 6  
5 3  2  5 2 .  4  5 2 . 0  5 1 . 4  
5 6  1  5 5 .  1  5 4 . 7  5 3 . 6  
2 
3 
3  
7  
2 
1 
4  
6 
3 
4  
a 
2 
8 
O 
0 
4  
o 
7  
4  
6 
6 
3 
4  
3 
I 
0 
4  
4  
6
4  
9 
8 
8 
4  
5 
4  
Table A-13. Continued 
I  M E  T I N  T l  T 2  T 3  T 4  T 5  T 6  T 7  
7 2 0  4 4 . 1  4 3 . 9  4 4 . 4  4 4 .  3  4 8 . 3  4 8 . 5  4 8 .  1  5 6 . 4  
7 4 0  4 5 . 7  4 5 . 4  4 5 . 0  4 5 . 0  4 6 . 2  4 6 . 2  4 6 . 0  5 2 . 0  
7 6 0  4 2 . 7  4 2 . 6  4 3 . 9  4 3 .  7  4 5 . 3  4 5 . 3  4 5 . 2  4 9 . 4  
7 8 0  4 0 . 9  4 0 . 6  4  1 . 0  4 0 . 9  4 3 .  8  4 3 . 9  4 3  . 6  4 7 . 1  
8 0 0  5 2 . 2  5  1 . 4  4 6 . 4  4 6 . 8  4 3 .  7  4 3 . 5  4 3 . 4  4 5 . 5  
8 2 0  7 5 . 2  7 4 . 2  6 5 . 2  6 5 . 9  4 9 .  0  4 8 .  1  4 8 . 5  4 5 . 7  
8 4 0  8 8 . 0  8 8 . 2  8 3 .  3  8 3 . 6  5 9 . 3  5 8 . 4  5 9 .  1  4 9 .  1  
8 6 0  7 8 .  7  7 8 . 3  8 2 . 5  B 2 .  I  7 0 . O  6 9 . 9  7 0 . 3  5 6 . 2  
6 8 0  5 2 , 0  5 2 . 4  6  1 . 5  6 0 . 8  7 1 . 1  7 1 . 8  7 1 . 5  6 2 . 9  
9 0 0  4 1 . 6  4 2 . 4  4 7 . 0  4 6 . 6  6 5 .  I  6 5 . 8  6 5 . 1  6 5 . 3  
9 2 0  4 2 . 7  4 2 . 6  4 3 . 0  4 2 . 9  5 7 . 0  5 7 . 4  5 6 . 7  6 3 . 9  
9 4 0  4 2 . 6  4 2 . 6  4 3 . 0  4 2 . 9  5 0 . 7  5 0 . 9  5 0 . 4  5 9 . 8  
9 6 0  4 1 . 8  4 1 . 9  4 2 . 3  4 2  . 3  4 6 . 5  4 6 . 6  4 6 . 3  5 4 . 9  
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T8 T9 T1 0 T1 1 T12 T1 3 T14 T I S  TO 
59.5 59. 6 61.2 6 1.3 61.2 58.6 57. 7 57.3 55.8 54.8 55. 0 59.3 59.6 59.7 59.4 53.9 58.7 56.9 51.5 51. 6 56. 3 57.0 57.2 59. 1 59.0 58.9 57.0 48.8 48. 8 S3. 7 53.3 54C 1 57.5 57. 7 57.8 56.0 
46.8 46. 8 50. 9 51.0 51 .2 55.1 55.6 55.8 54.2 45.7 45. 7 48. 7 48.7 48.8 52.8 53.5 53.6 52.3 
46. 8 46. 6 47.5 4 7 . 4  47.4 50.5 51.1 51.3 50.3 51.7 51. 3 48. 1 4 7.6 47.4 48.9 49.4 49.5 48. 7 58.2 57. 8 51.0 50.4 49.9 48.8 48.8 48.8 48.3 
62.6 62. 3 54.4 53.8 53.2 50. 1 49.7 49.5 49.0 64.2 64. 0 57.8 57.4 56.9 52.4 51.6 51.3 50.7 62.2 62. 3 59.9 59.8 59.4 55. 1 54.2 53.8 52.7 58. 1 58. 3 60. 0 60.2 60. 1 57.2 56.4 56= 1 54.6 
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Table  A-14.  Average values  of  ten repl icate  measurements  of  a ir  f low 
characterist ics  for  an equivalent  spherical  diameter  of  
0 .0676 feet  
Variable 
Void fraction 
45.96% 43.28% 
Run 1 Run 2 Run 3 Run 4 
Air flow rate, cfm 18.61 27.21 35.67 26.99 
Ambient air temperature, °C 0.33 3.09 3.92 3.82 
Fan inlet air temperature, °C 1.95 4.57 5.11 5.06 
Fan outlet air temperature, °C 3.55 6.39 7.63 6.88 
Pressure drop across barrel 
orifice, inch H2O 
0.35 0.70 1.32 0.71 
Pressure drop across pipe 
orifice, inch H2O 
0.04 0.09 0.14 0.09 
Barometric pressure, inch Hg 30.08 29.92 30.10 29.92 
Fan power input, watt 4.00 7.67 12.50 7.70 
Pressure drop across fan, 
centimeter HgO 
1.27 2.50 4.00 2.50 
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Table A-I5. Average values of ten replîcate measurements of air flow 
characteristics for an equivalent spherical diameter of 
0.092 feet 
Void fraction 
Variable 
45.37% 43.35% 
Run 1 Run 2 Run 3 .. Run 4 
Air flow rate, cfm 19.73 27.13 36.02 26.61 
Ambient air temperature, °C 10.20 1.06 11.67 -3.46 
Fan inlet air temperature, °C 11.21 2.41 12.05 4.65 
Fan outlet air temperature, °C 13.28 4.16 14.95 6.86 
Pressure drop across barrel 
orifice, inch H2O 
0.37 0.71 1.30 0.71 
Pressure drop across pipe 
orifice, inch H2O 
0.05 0.09 0.14 0.08 
Barometric pressure, inch Hg 29.92 29.92 29.92 29.92 
Fan power input, watt 4.50 7.50 12.00 7.75 
Pressure drop across fan, 
centimeter H2O 
1.25 2.25 3.88 2.25 
165 
Table A-l6. Average values of ten replicate measurements of air flow 
characteristics for an equivalent spherical diameter of 
0.1293 feet 
Void fraction 
Variable 
45.76% 44.06% 
Run 1 Run 2 Run 3 Run 4 
Air flow rate, cfm 18.85 26.34 35.99 2 7 . 0 9  
Ambient air temperature, "C 7.70 5.68 5.88 6 . 0 7  
Fan inlet air temperature, °C 10.32 6 . 3 2  6 . 6 7  6.86 
Fan outlet air temperature, °C 12.66 8.64 9.39 9.40 
Pressure drop across barrel 
orifice, inch H2O 
0 . 3 6  0 . 7 1  1.33 0.71 
Pressure drop across pipe 
orifice, inch H2O 
0.04 0.08 0.14 0.09 
Barometric pressure, inch Hg 29.92 2 9 . 9 2  2 9 . 9 2  29.92 
Fan power input, watt 5.00 6 . 5 0  12.00 7.36 
Pressure drop across fan, 
centimeter HgO 
1 . 2 5  2 . 2 5  4.00 2.25 
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The following data were obtained to evaluate the pressure drop of 
airflow through the rock bed and to evaluate fan energy requirement. 
The experiments were run from March, 1980 through May, 1980. The 
definition of the symbols used for Tables A-17 through A-25 are: 
N represents an integer number of measurements 
PI represents the pressure drop of air across the pipe 
orifice, inches H^O 
P2 represents the pressure drop of air across the barrel 
orifice, inches H^O 
P3 represents the pressure drop of air across the rock bed, 
centimeters H2O 
P4 represents the inlet static pressure to the rock bed, 
centimeters H2O 
P5 represents the fan outlet static pressure, centimeters H2O 
P6 represents the pressure drop of air across the fan, 
centimeLers H2O 
W represents the fan power input measurements, watt 
This value must multiply by factor 25 
T1 represents outdoor air temperature, "C 
T2 represents the fan air inlet temperature, "C 
T3 represents the fan air outlet temperature, °C 
Table A-17. Pressure drop .and energy measurement data at different air 
flow rates with équivalent spherical diameter and void 
fraction at O.O676 ft and 45.96%, respectively 
PI P2 P3 P4 PS P6  T1 T2 T3 
1  0 .025  0 .23S 0 .075  0 .075  
2 0.060  0 .435  0 .200  0 .200  
3  O.IOS 0 .820  0 .325  0 .325  
4  0 .150  1 .350  0 .475  0 .500  
5  0.190  1 .80  0  0 .600  0 .625  
6  0 .250  2 .300  0 .725  0 .720  
7  0 .285  2 .650  0 .320  0 .825  
8  0 .325  3 .100  0 .950  0 .960  
9  0 .380  3 .650  1 .075  1  .100  
10  0 .435  4 .300  1 .225  1 .250  
11  0 .490  4 .800  1 .375  1 .400  
1 2  0.550  5 .500  1 .525  1 .550  
13  C.605  6 .050  1 .650  1 .675  
1  4  0 .67C 6 .650  1 .775  1 .800  
15  J .725  7 .300  1 .950  2 .000  
16  0 .780  8 .000  2 .000  2 .100  
0 .200  0 .250  
1 .000  1 .500  
3 .00  
6. 00 
9.00  2 .000  2 .750  
3 .250  4 .000  13 .50  
4 .250  5 .500  17 .00  
5 .250  6 .750  22 .00  
6 .250  a .000  27 .00  
7 .250  9 .000  35 .00  
8 .500  10 .750  41 .50  
10 .000  12 .500  51 .00  
11 .250  14 .000  59 .50  
13 .000  16 .000  69 .50  
14 .500  17 .750  79 .00  
16 .000  19 .750  90 .00  
17 .910  21 .850  103 .00  
19 .430  23 .870  115 .00  
3 .30  4 .80  7 .20  
3 .25  4 .60  6 .70  
3 .40  4 .65  6 .90  
3 .60  4 .90  7 .40  
3 .60  4 .90  8 .00  
4 .70  5 .70  9 .25  
4 .45  5 .70  9 .65  
4 .45  5 .40  10 .20  
4 .40  5 .30  10 .  70  
4 .40  5 .10  11 .40  
4 .00  4 .80  11 .75  
4 .00  4 .85  12 .45  
3 .80  4 .60  13 .00  
3 .70  4 .80  13 .60  
3 .30  4 .20  13 .65  
3 .00  4 .12  14 .50  
(T\ 
Table  A-18.  Pressure  drop and energy measurements  data  at  di f ferent  a ir  
f low rates  wit l i  equivalent  spherical  diameter  and void 
fract ion at  0 .0(>76 f t  and 43.28%, respect ively  
N PI P2 P3 P4 PS P6 W T1 T2 T3 
1  0 .005  0 .065  0*200 0 .200  0 .150  0 .250  2 .50  8 .00  8 .80  10 .90  
2  0 .035  0 .390  0 .250  0 .250  1  .000  1 .500  5 .00  8 .00  8 .70  10 .60  
3  0 .075  0 .730  0 .400  0  .400  2 .000  2 .500  8 .00  8 .20  8 .85  10 .85  
4  o . i i e  1 .250  0 .550  0 .550  3 .000  4 .000  11 .50  8 .  10  8 .90  1  1 .30  
5  0 .165  1 .700  0 .725  0 .750  4 .000  5 .230  15 .50  8 .45  9 .10  12 .10  
6  0 .210  2 .200  0 .925  0 .  925  5 .200  6 .750  21  .25  12 .00  12 .10  15 .70  
7  0 .255  2 .65  0  1  .070  1 .075  6 .250  8 .000  27 .00  11 .70  12 .00  16 .  10  
8  0 .  30  0  3 .100  1 .230  1  .250  7 .250  9 .500  33 .75  11 .50  11  .90  16 .60  
9  0 .345  3 .60  0  1  .400  1 .400  8 .  500  11 .000  41  .00  11 .35  11  .6  0  17 .10  
1  0  0 .40C 4 .150  1  .550  1  .575  9 .750  12 .500  49 .  00  10 .90  11 .45  17 .60  
1 1  0 .455  4 .750  1  .750  1  .750  i l .250  14 .250  56 .50  10 .70  11  .2  0  1 a.00 
1 2  0 .51  0  5 .300  1  .8  75  1  .900  12 .750  16 .000  68 .00  10 .30  10 .85  18 .30  
13  0 .570  6 .100  2 .025  2 .050  14 .250  18 .000  78 .50  10 .00  10  .60  1  6 .80  
1 4  0 .610  6 .500  2 .160  2 .210  15 .500  19 .500  86 .50  9 .60  10 .10  18 .90  
1  5  0 .670  7 .150  2 .337  2 .362  17 .000  21 .970  100 .05  8 .80  9 .80  19 .45  
1  6  0 .73  C 7 .70  0  2 .514  2 .540  18 .250  23 .500  111 .00  8 .90  9 .55  19 .90  
Table  A-19.  Pressure  drop éind energy measurement  data  at  di f ferent  a ir  
f low rates  with equivalent  spherical  diameter  and void 
fract ion at  0 .0676 f t  and 41.83%, respect ively  
PI P2 P3 P4 P5 P6 T1 T2 T3 
3  
4 
5 
6 
7 
1  0 .005  
2  0 .050  
0.080 
0.13S 
0. 180 
0.220 
0.270  
8  0 .310  
9  0 .330  
10  0 .420  
11  0 .465  
12  0 .525  
13  0 .575  
14  0 .635  
15  0 .69C 
16  0 .745  
0 .05S 
0 .365  
0 .740  
1 .250  
1 .700  
2 .100  
2.600 
3.ISO 
3 .300  
4 .20  0  
4 .75  0  
5 .450  
5 .95  0  
6 .550  
7 .150  
7 .750  
0 .075  
0 .250  
0 .450  
0.600 
0.800 
0.950  
1 .123  
1 .325  
1 .525  
1 .700  
1 .875  
2 .032  
2 .223  
2 .400  
2 .667  
2 .920  
0 .075  
0 .250  
0 .450  
0.610 
0 .800 
0 .950  
1.. 150 
1, ,350  
1 .550  
1 .725  
1 .900  
2 .057  
2 .248  
2 .438  
2 .794  
3 .048  
0.200 
1.000 
1.750  
3 .000  
4 .  100  
5 .250  
6 .2S0 
7 .250  
8 .  750  
10.000 
11.250  
13 .000  
14 .250  
15 .750  
17 .000  
18 .500  
0 .250  
1 .400  
2 .750  
4 .000  
5 .500  
6 .750  
8.000  
9.500  
11 .500  
13 .000  
14 .500  
16 .500  
18.000 
20.000 
22.100 
24.000  
2 .50  
5 .00  
8 .00  
11.50  
17 .00  
22.00 
28.00 
35.50  
4 4 . 0  0  
51.50  
60 .50  
70 .00  
80.00 
39.00  
101 .50  
114 .00  
4 .80  
4 .60  
4 .50  
4 .45  
4 .90  
4 .90  
4 .80  
4 .70  
4  .70  
4 .80  
4 .70  
4 .60  
4 .60  
4 .60  
4 .50  
4 .50  
5 .50  
5 .40  
5 .35  
5 .30  
5 .35  
5 .40  
5 .40  
5 .40  
5 .40  
5 .25  
5 .30  
5 .20  
5 .20  
5 .35  
5 .35  
5 .30  
9 .30  
8.20 
8.05  
8 .25  
8 .75  
9 .20  
5 .75  
10 .40  
1 1 . 1 0  
I  1 .70  
12 .35  
13 .00  
13 .65  
14 .20  
IS.  00 
1 5 .85  
Table  A-20.  Pressure  drop and energy measurement  data  at  di f ferent  a ir  
f low rates  with equivalent  spherical  diameter  and void 
fract ion at  0 .092 f t  and 45.^7%, respect ively  
PI P2 P3 P4 PS P6  Tl  T2 T3 
1 
2 
3 
4  
5  
6 
7 
0.020 
0.06 0 
O.IOC 
0 .  140  
0 .180  
0.220 
0.270  
8  0 .320  
9  0 .365  
10  0 .420  
I t  0 .465  
12  0 .520  
13  0 .585  
14  0 .64C 
15  0 .690  
16  0 .745  
0 .175  
0 .500  
0 .865  
1 .350  
1 .750  
2.200 
2.650  
3 .150  
3 .700  
4 .200  
4 .800  
5 .350  
6 .050  
6.600 
7.150  
7 .850  
0 .075  
0 .150  
0 .215  
0 .300  
0 .400  
0 .475  
0 .550  
0 .650  
0 .740  
0.820 
0.925  
1 .025  
1  .140  
1.2S0 
1.350  
1 .425  
0 .075  
0 .150  
0 .240  
0 .315  
I)  . 400  
0 .500  
0 .565  
0 .665  
0 .750  
(1 .850  
0  .950  
1  .050  
1  .150  
1  .265  
1 .375  
1 .475  
0 .500  0 .750  
1 .250  1 .500  
2 .50  
5 .00  
8.00 2.000  2 .750  
3 .000  3 .750  11 .50  
4 .250  5 .250  16 .00  
5 .250  6 .250  21 .00  
6 .250  7 .750  26 .00  
7 .500  5 .000  33 .00  
8 .500  10 .500  41 .00  
10 .000  12 .000  49 .50  
11 .250  13 .500  57 .50  
12 .750  15 .250  66 .50  
14 .250  17 .000  77 .00  
15 .750  16 .750  86 .00  
17 .000  20 .830  99 .00  
18 .500  22 .480  111 .00  
14 .00  14 .20  16 .00  
13 .80  14 .10  15 .85  
14 .00  14 .15  16 .20  
14 .20  14 .35  16 .85  
14 .20  14 .40  17 .50  
14 .00  14 .40  18 .00  
13 .55  14 .00  18 .20  
13 .40  13 .70  18 .65  
13 .20  13 .50  19 .15  
13 .40  13 .50  19 .90  
13 .50  13 .65  20 .80  
13 . iO 1j .45  21 .30  
13 .15  13 .40  21 .90  
13 .10  13 .35  22 .65  
12 .90  13 .10  23 .20  
12 .70  12 .85  23 .70  
O 
Table  A-21.  Pressure  drop and energy measurement  data  at  di f ferent  a ir  
f low rates  with equivalent  spherical  diameter  and void 
fract ion at  0 .092 f t  and 43.35%, respect ively  
PI P2 P3 P4 PS P6 T \  T2 T3 
1  0 .005  0 .060  0 .050  
2  0*030 0 .360  0*100 
3  0 .090  0 .800  0 .250  
4  0 .12E 1*250 0*350 
5  0*175 1 .750  0 .450  
6  0 .215  2*150 0*565 
7  0*270 2*650 0*675 
8  0 .320  3 .150  0 .775  
9  0*360 3 .700  0 .875  
10  0 .420  4 .250  0 .985  
11  0 .470  4*800 1*085 
12  0*535 5*450 1 .225  
13  0*595 6*150 1 .350  
1  4  0 .655  6 .750  1 .475  
15  0 .700  7 .250  1 .575  
16  0 .76  5  7 .950  1 .675  
0 .050  
0 .  125  
0 .275  
0 .365  
0 .475  
0 .585  
0*700 
0 * 8 0 0  
0*900 
1  *000  
I  *120  
I  *250  
1 *400  
:l  *515  
1 .625  
il  . 700  
0*000 0 .250  
0*850 1*250 
2.00 
5*00 
8.00 2.000  2 .750  
3*000 4*000 11*00 
4*250 5*250 16 .00  
5 .000  6*500 21*50 
6 .500  8 .000  27*00 
7 .500  9 .250  34 .00  
8 .750  10 .750  41 .50  
10 .000  12*250 50*00 
11*500 14*000 59 .00  
13*000 15*750 68*50 
14*500 17*750 79*50 
16 .250  19 .500  SO.00  
17 .500  21 .330  101 .00  
18 .750  23 .240  112 .00  
2 .80  4 .60  3 .60  
2 .80  4 .50  7 .10  
2*50 4 .00  6 .50  
2*10 3 .80  6 .40  
1 .95  3*30 6*50 
2 .10  3*75 7*10 
2*20 3  *80  7*70 
2 .25  3*50 8*25 
2*30 3*30 8*90 
2*20 3*10 9*  70  
2*40  3*25 10*40 
2*40 3 .20  11*10 
2*30 3 .00  1  1 .75  
2 .20  3 .00  12 .35  
2 .00  3 .00  13 .05  
2 .00  2 .45  13 .45  
Table A-22. Pressure drop and energy measurement data at different air 
flow rates with equivalent spherical diameter and void 
fraction at 0.092 ft and 42.26%, respectively 
PI P2 P3 P4 PS P6 T1 72 T3 
3 
4 
5 
6 
7 
1 0 .005  
2  0 .04C 
0 .090  
0. 120 
0. lao 
0.220 
0. 260 
8 0 .315  
9  0 .365  
10  0 .420  
11  0 .465  
12  0 .525  
13  0 .59C 
14  0 .650  
15  0 .70  0  
16  0 .760  
0 .045  
0 .305  
0 .730  
1 .150  
1 .70  0  
2 .150  
2.600  
3.100  
3 .650  
4 .250  
4 .650  
5 .400  
6 .030  
6 .650  
7 .250  
7 .750  
0 .040  
0 .150  
0 .250  
0 .350  
0 .500  
0.600 
0.685  
0 .315  
0 .925  
1 .075  
1 .175  
1  .323  
1  .475  
1.600 
1 .725  
1 .850  
0 .050  
0 .150  
0 .275  
0 .365  
0 .525  
0 .625  
0 .700  
0 .340  
0 .950  
1 .100 
1 .200 
1.350  
11 .500  
1 .625  
1.  . 750  
II .  875  
0 .250  
0 .750  
2.000 
2.750  
4 .000  
5 .000  
6.000 
7.250  
8 .500  
10.000 
11 .000 
12.750  
14 .250  
16.000 
17.500  
13 .500  
0 .500  
1.000 
2.500  
3 .500  
5 .000  
6 .500  
7 .500  
9 .000  
10 .500  
12 .250  
13 .500  
15 .500  
17 .500  
19 .250  
21 .590  
23 .110  
2.  00 
4.50  
8.00  
11 .00 
16.00 
21 .00 
27.00  
34 .00  
42 .00  
50 .  00  
59 .00  
67 .50  
78 .00  
88.00 
100.50  
1  1 1 . 0 0  
5.00  
4 .80  
4 .40  
4 .00  
4 .20  
4 .20  
3 .60  
3 .30  
3 .30  
3 .60  
3 .40  
3 .00  
2.60 
2.30  
2.20 
2.20 
6.25  
6 .30  
6 .05  
5 .60  
5 .25  
5 .00  
5 .10  
4 .70  
4 .60  
4 .40  
4 .30  
3 .90  
3 .50  
3 .25  
3 .00  
2 .80 
9.40  
8 .  50  
8.20 
8.20 
8.50  
8 .90  
9 .35  
9 .  SO 
1 0 .45  
1 1 .00  
11.40  
1  1  . 80  
12. 20 
12.55  
13 .20  
13 .75  
Table  A-23.  Pressure  drop and energy measurement  data  at  di f ferent  a ir  
f low rates  with equivalent  spherical  diameter  and void 
fract ion at  0 .1293 f t  and 45.76%, respect ively  
N PI  P2  P3 P4 P5 P6 W T1 T2 T3 
1  0 .02  0  0 .175  0 .040  0 .045  0 .350  0 .500  2  .00  16 .60  16 .60  18 .  40  
2  0 .06C 0 .530  0 .100  0 .  100  1 .250  1 .750  5 .00  16 .30  16 .40  18 .40  
3  0 .100  0 .920  0 .150  0 .150  2 .250  2 .850  8 .00  16 .30  lb .20  18 .60  
4  0 .135  1 .400  0 .200  0 .225  3 .250  4 .000  11 .00  16 .40  16 .20  19 .00  
S  0 .180  1  .750  0 .250  0 .265  4 .250  5 .250  15 .75  16 .30  16 .20  1 9 .50  
6  0 .220  2 .150  0 .300  ) .32S 5 .250  6 .250  21  .00  16 .05  16 .00  19 .95  
7  0 .270  2 .650  0 .370  0 .385  6 .500  7 .650  27 .00  16 .10  15 .90  20 .60  
6  0 .32  0  3 .25  0  0 .450  0 .4  70  7 .750  9 .000  34 .50  15 .80  15 .80  21 .20  
9  0 .37  0  3 .750  0 .500  0 .520  9 .000  10 .500  41  .  00  15 .60  15 .80  21  .60  
I  0  0 .435  4 .400  0 .575  0 .600  10 .500  12 .250  50 .50  15 .40  15 .30  22 .  00  
1  1  0 .430  4 .900  0 .64  0  0 .650  11 .750  13 .750  58 .50  15 .00  15 .00  22 .30  
1 2  0 .540  5 .500  0 .700  (1 .725  13 .000  15 .500  67 .00  14 .70  14 .60  22 .  60  
1  3  0 .590  6 .150  0 .765  0 .800  14 .750  17 .250  79 .00  14 .60  14  .40  23 .35  
1 4  0 .64  0  6 .700  0 .823  0 .865  16 .250  IS .000  89 .00  14 .40  14 .30  23 .90  
15  0 .700  7 .250  0 .875  0 ' .900  17 .500  20 .570  100 .05  14 .25  14 .20  24 .60  
16  0 .75  0  7 .850  0 .950  1  .000  18 .500  22 .350  112 .00  14 .30  14 .20  2  5 .40  
Table  A-24.  Pressure  drop ctnd energy measurement  data  at  di f ferent  a ir  
f low rates  with equivalent  spherical  diameter  and void 
fract ion at  0 .1293 f t  and 44.06%, respect ively  
PI P2 P3 P4 PS P6 T» T2 T3 
3  
4  
5  
6 
7 
1 0.020 
2 0 .055  
0 .090  
0 .130  
0 .  175  
3 .220  
0 .26C 
8  0 .310  
9  0 .365  
10  0 .415  
1 1  0 .460  
12  0 .525  
13  0 .580  
14  0 .630  
15  0 .695  
16  0 .  735  
0.160 
O.SOO 
0 .850  
1 .25  0  
1  .750  
2.200 
2 .600 
3.100  
3 .650  
4 .200  
4 .75  0  
5 .400  
6 . 1 0 0  
6.650  
7 .200  
7 .750  
0 .050  
0.100 
0.150  
0.200 
0.285  
0 .350  
0 .400  
0 .4  75  
0 .535  
0 .625  
0 .685  
0 .765  
0 .835  
0 .915  
0 .985  
1 .050  
0 .050  
I ) ,  t o o  
0.155  
3 .225  
0 .300  
0 .365  
0 .415  
0 .500  
0 .550  
0 .650  
0 .700  
0 .785  
0 .850  
0 .950  
II . 015  
U . 1 00 
0.400  
1 .150  
2 .  150  
3 .000  
4 .250  
5 .250  
6 .250  
7 .250  
8 .750  
10.000 
11 .500  
13 .000  
14 .500  
15 .750  
17 .250  
13 .500  
0 .500  
1 .500  
2 .650  
3 .650  
5 .000  
6 .250  
7 .500  
8 .750  
10 .250  
12.000 
13.500  
15 .250  
17 .000  
18 .750  
20 .700  
22 .230  
3 .00  
5 .25  
6 . 0 0  
11 .50  
16. 00 
21.50  
27 .25  
34 .00  
41  .50  
49 .00  
57 .00  
66.00 
76.50  
88.00 
100.00 
1 10 .50  
19 .40  
19 .15  
19 .30  
19 .10  
19 .40  
18 .50  
18 .70  
13 .00  
13 .30  
18 .60  
18 .20  
17 .80  
17 .60  
17 .40  
16.60 
16.50  
20 .30  
20.20 
20 .20 
19.90  
19 .80  
IS .50  
19 .40  
19 .00  
10.80 
18.75  
18 .80  
18 .30  
18 .00  
17 .80  
17 .30  
I  7 .00  
22.00 
22.  15  
22 .40  
22 .70  
23 .20  
23 .50  
23 .  90  
24 .30  
24 .  70  
25 .50  
26. 00 
26.30  
26.80 
27.40  
27 .60  
28. 10 
Table  A-25.  Pressure  drop cind energy measurement  data  at  di f ferent  a ir  
f low rates  with equivalent  spherical  diameter  and void 
fract ion at  0 .1293 f t  and 43.32%, respect ively  
N PI  P2  P3  P4 P5 P6  * T1 T2 T3 
1  0 .035  0 .240  0 .050  0 .065  0 .500  0 .750  2 .75  20  .00  20 .70  22 .60  
2  0  .070  0 .550  0 .  100  0 .120  1 .250  1 .750  5 .00  20 .60  20 .80  22 .60  
3  0 .1  00  0 .920  0 .175  0 .175  2 .250  2 .750  8 .00  20  .60  20 .oO 22 .  70  
4  0 .135  1 .350  0 .235  0 .250  3 .150  3 .850  11  .00  20 .20  20 .20  23 .00  
5  0 .  180  1  .80  0  0  .315  0 .315  4 .350  5 .250  16 .00  19 .80  19 .80  23 .  15  
6  0 .22S 2 .250  0 .3  75  0 .400  5 .500  6 .500  21  .50  20 .10  20  .00  24 .00  
7  0 .275  2 .750  0 .435  0 .450  6 .500  7 .850  27 .00  19 .40  19 .40  24 .  10  
8  0 .31E 3 .150  0 .500  0 .525  7 .750  9 .000  32 .  75  19 .00  19 .20  24 .40  
9  0 .360  3 .750  0 .575  0 .600  9 .000  10 .500  41  .00  19 .00  19 .10  25 .  10  
1  0  0 .420  4 .400  0 .675  0 .700  10 .500  12 .500  50 .50  18 .70  18 .70  2Û.50  
1  1  0 .46  5  4 .300  0 .725  0 .750  11 .500  13 .750  56 .25  18 .40  18 .60  25 .80  
1  2  0 .525  5 .550  0 .315  0 .850  13 .250  15 .500  67 .00  18  .40  18 .30  26 .  40  
1  3  0 .58S 6 .150  0 .900  0 .925  14 .750  17 .230  76 .0  0  IS .10  16 .00  26 .80  
1  4  0 .635  6 .75  0  0 .975  1 .000  16 .000  19 .030  86 .50  17 .90  17 .20  2  7 .80  
1 5  0 .690  7 .300  1 .050  1 .750  17 .500  20 .960  96 .50  17 .50  17 .50  27 .  70  
1  6  0 .735  7 .750  1 .125  1 .165  18 .500  22 .730  108 .00  17 .50  17 .40  28 .30  
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APPENDIX B:  
THERMO-PHYSICAL PROPERTIES OF MATERIALS 
Table B-1. Thermo-physical properties of material and air 
Material 
Limestone 
P1ywood 
Air at 120*F 
Air at 160°F 
cp a 
lb /ft3 Btu/lb °F Btu/hr-ft-®F lb /ft'hr ft^/hr 
m m m 
151 
34 
0.06843 
0.06401 
0.217 
0.290 
0.2407 
0.2411 
0.730 — 0.0223 
0.0667 — 0.0068 
0.01466 0.0472 0.9806 
0.01664 0.04959 1.0446 
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APPENDIX C:  
ORIFICE CALIBRATION 
In this study, the airflow rates were measured by recording the 
pressure drop of air across the two orifices. These orifices were 
named as pipe-orifice and barrel-orifice. The orifices have been cal^ 
ibrated using standard nozzle flow meter measuring the pressure head, 
inches H^O, at various airflow rates. A Meriam manometer type ClNCL), 
Model (40HE35) was used for measuring the pressure head, Inches H^O. 
The calibration was run In the engineering mechanics lab. The airflow 
rate was estimated from the following equation: 
Q = 0.1017 >/T/Pj^ \fh 
where: 
Q = Airflow rate, cfs 
T = Absolute temperature of air, degree Ranklne 
Pj^ = Barometric pressure, inches of Hg 
h = Manometer reading, inches of H^O 
The calibration was done at lab temperature and barometric pressure 
of 80°F and 29.3 inches of Hg, respectively. The results of the cali­
bration are plotted in Figures 24 and 25. Two regression equations have 
been developed and have been used for airflow rate correction as follows: 
for barrel-orifice: 
h = âPjj/0.5581 
178 
for pipe-orifice: 
h = APp/0.0786 
where: 
APj^ is the pressure drop across the barrel-or if ice, inches of H^O. 
APp is the pressure drop across the pipe-orifice, inches of H^O. 
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Figure 24. Standard flow meter pressure head at various airflow rates 
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APPENDIX D:  
STATISTICAL ANALYSIS 
ab le  0 -1 .  Mass  f l ow ro t e ,  G ,  pa r t i c l e  equ iva l en t  sphe r i ca l  d i ame te r .  
D ,  and  vo luno t r i c  hea t  t r ans fe r  coe f f i c i en t .  H ,  gene ra t ed  
t h i s  s tudy  
s  T  A T  I  S T  I  C A L  A  N  A  L  Y  S I S  S Y S  T  E  M  
08S G  0 H  R A T E  L N H  
1  76.420  0 .0676  130 .6  9  7 .03039 4 .87283 
2  11  1 .744  0 .06  76  149 .54  • 7 .41036 5 .00756 
3  146 .477  0 .0676  177 .98  7 .68102 5 .18167 
4  mo.996  0 . 0  9 2 0  94.78  6 , 7 8 0 3 7  4.55156 
5  1 1  1 . 3 9 3  0 . 0 9  2 0  1 1 1 . 5 2  7 . 0 9 9 0 3  4 . 7 1 4 2 0  
6 1 4 7 . 9 1 3  0 . 0 9 2 0  134.68  7 .38259 4 . 9 0 2 9 0  
7 77.421  0 . 1 2 9 3  64.94  6 .39488 4 .17346 
8  108 .154  0 . 1 2 9 3  7 9 . 0 3  6.72918 4.36983 
9  1 4  7 . 7 6 4  0 . 1 2 9 3  9 4 . 8 9  7 . 0 4 1  2 4 .  4 . 5 5 2 7 2  
S T A T I S T I  C A L  A N A L Y S I S  S Y S T  E M  
GENERAL LINEAR MODELS PROCEDURE 
CLASS LEVEL INFORMATION 
CLASS LEVELS VALUES 
O 3 0.092 0.0676 0.1293 
NUMBER OF OBSERVATIONS IN DATA SET = 9 
S T A T I S T I C A L  A N A L Y S I S  S Y S T E M  
GENERAL LINEAR MODELS PROCEDURE 
LEAST SQUARES MEANS 
o LNH prjoa > IT I HO; LSMEAN( I )=LSMEAN( J) 
LSMEAN I/J I 2 3 
0.092 4.70859583 I . 0.0020 0.0015 
0.0676 4.65079092 2 0.0020 . 0.0002 
0.1293 4.54951751 3 0.0015 0.0002 . 
Table  D-2.  Stat is t ical  analys is  of  variance result  in  this  study 
S F A f l  S T r C A L  A N A L Y S I S  S Y S T E M  
GENERAL LINEAR MODELS PROCEOUPE 
Id:00 SUNDAY* JULY ?7, 1980 '  
DEPENDENT VARIABLE: LNH 
SOURCE 3F SUM OF SQUARES MEAN SOJARE PR > F P-SQUARF C.V. 
MOOEL 
EFROR 
CORRECTED TOTAL 
0.62409694 
0.C0364/75 
0.82774469 
0.27469398 
0.00072955 
376.53 O.OOOl 
STO 0£V 
0.02701018 
3.995593 7.5743 
LNH MEAN 
4.73297075 
SOURCE 
0 
RATE 
OF TY3E I  SS 
0.64601292 
0.17608402 
442.75 
244.10 
0 . 0 0 0 !  
0 .0001  
OF TYPE IV SS 
0,06622689 
0.17808402 
F VALUE 
45.19 
244.10 
PR > F 
0.0006 
0.0001 00 N3 
PARAMETER 
INTERCEPT 
D 0.092 
0.0676 
0.1293 
RATE 
ESTIMATE 
0.71595633 B 
0.15907833 9 
0.30124141 B 
0.00000000 B 
0.54292005 
T FOR HO: 
PAHAMcTcR=3 
3.06 
6.25 
.^53 
15.6? 
PR > |T| 
0 .0282  
0.0015 
0 . 0 0 0 2  
O.OOOl 
STO ERROR OF 
ESTIMATE 
0.23409919 
0.02545075 
0.13162193 
0.03474969 
NOTE: THE MATRIX HAS 3EEN DEEMED SINGULAR AND 4 GENERALIZED INVERSE HAS SEEN EMPLOYED TO SOLVE THt NORMAL EQUATIONS. 
THE ABOVE ESTIMATES REPRESENT INLY ONE OF MANY POSSISLc SOLUTIONS TO THE NORMAL EQUATIONS. ESTIMATES FCLLCWEO BY 
THE LETTER B ARE BIASED AND 00 NOT ESTIMATE THE PARAMETER BJT ARE 3LUE FOR SOME LINEAR C0M3INATI0N OF ^AkAMETERS 
fOR ARE ZERO). THE EXPECTED VALUE OF THE BIASED ESTIMATORS MAY BE OBTAINED FROM THE GENERAL FORM OF ESTIMABLE 
FUNCTIONS. FOR THE BIASED ESTIMATORS, THF STD ERR IS THAT OF THE BIASED ESTIMATCR AND THE T VALUE TESTS 
HO: E(8IASE0 ESTIMATOR) = 0. ESTIMATES NOT FOLLOWED BY THE LETTER 8 ARE BLUE FOP THE PARAMETER. 
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Table D-3. Mass flow rate. G, particle equivalent spherical diameter, 
D, and volumetric heat transfer coefficient, H, published 
by Lof and Hawley, 1948 
S T A T I S T I C A L .  A N A L. Y S I S S Y S T E M  
OB.S G D H RATE LNH 
1 204.5 0.0262 437 8.96256 6.07993 
2 145. 8 0.0262 346 8.62423 5.84644 
3 322.0 0.0262 561 9.41655 6.32972 
4 87.0 . 0.0262 242 8.10790 5.48894 
5 204.5 O.0262 404 8.96256 6.00141 
6 87.6 0.0411 1 74 7.66453 5.15906 
7 145.8 0.0411 231 8.17398 5.44242 
8 204.5 0.0411 291 8.51232 5.67332 
9 204.5 0.0411 340 8.51232 5.82895 
10 204.5 0.0411 324 8.51232 5.78074 
11 204.5 0.0411 291 8.51232 5.67332 
12 204.5 0.0697 210 7.98412 5.34711 
13 145.8 0.0697 162 - 7.64579 5.08760 
14 87.6 0.0697 111 7.13634 4.70953 
15 204.5 0.1090 146 7.53698 4.98361 
16 204.5 0.1090 162 7.53698 5.08760 
17 87.6 0.1090 76 6.68919 4.33073 
18 145.8 0.1090 139 7.19864 4.93447 
19 87.6 0.1090 97 6.68919 4.57471 
20 58.2 O.1090 56 6.28029 4.02535 
GENERAL LINEAR MODELS PROCEDURE 
CLASS LEVEL INFORMATION 
CLASS LEVELS VALUES 
D 4 0.109 0.0362 0-041! 0=0657 
NUMBER OF OBSERVATIONS IN DATA SET = 20 
GENERAL LINEAR MODELS PROCEDURE 
0.109 
0.0262 
0.0411 
0.0697 
LEAST SQUARES MEANS 
LNH 
•LSMEAN 
5.33900470 
5.31163328 
5.31697072 
5.29696074 
PROB 
1/J 
|T| 
1 
1 # 
2 0.7796 
3 0.7762 
4 0.5183 
HO: LSMEAN(1>=LSMEAN(J) 
2 3 4 
0.7796 0.7762 0.5183 
0.9228 0.8592 
0.9228 . 0.7667 
0.6592 0.7667 , 
Table  D-4.  Stat is t ical  analys is  of  variance publ ished by Lof  and Hawley,  1948 
DEPENDENT VARIABLE: LNH 
S T A T I S T I C A L  A N A L Y S I S  S Y S T E M  
GENEPAL LINEAR MODELS PROCEDURE 
19:02 SUNDAY, JULY 20$ 1980 
SOURCE SUM OF SQUARES MFAN SQUARE F VALUE OR > F R-SOUARE C.V. 
YODEL 
ERROR 
CORRECTED TOTAL 
4 
15 
19 
6.983333AS 
3.0^ 900923 
7.36234209 
1.74583346 
0« 306ÛÛ055 
264.50 0.0001 
STD 3EV 
0.08124376 
0.986020 1.5274 
LNH MEAN 
5.31924806 
SOURCE DF TYPE I SS F VALUE PR > F OF TYPE IV SS F VALLE PR > F 
0 
RATE 
PARAMETER 
INTERCFOT 
D 0.109 
0.0262 
0.0411 
0.0697 
5.29365473 
1.69967907 
267.33 
?5=.99 
0.0001 
0.0001 
RATE 
ESTIMATE 
-0.43952689 8 
0.04202396 B 
0.01465255 8 
0.01998998 8 
0.00000000 8 
0.72312370 
T FOR HO: 
PARAMETER=0 
-1.27 
0.66 
0 . 1 8  
0.30 
16.00 
OR > IT) 
0.2235 
0.5183 
0.8592 
0.766? 
0.0001 
STD ERROR OF 
ESTIMATE 
0.14617412 
0.06353066 
O.Oei18289 
0*06615560 
0.04519605 
0.00295934 
1*68967907 
0.15 
255.59 
0.9264 
0.0001 
00 
NOTE: THE %'X MATRIX HAS 3EEN DEEMED SINGULAR AND A GENERAL!ZEO INVERSE HAS ÔEEN EHPLOYEO TO SOLVE THE NORMAL EQUATIONS. 
THE ABOVE ESTIMATES REPRESENT ONLY ONE O^ MANY POSSIBLE SOLUTIONS TO THE NORMAL EQUATIONS. ESTIMATES FOLLOWED 9Y 
THE LETTER B ARP BIASED AND 00 NOT ESTIMATE TH!* PARAMETER BUT ARE BLUE FOR SOME LINEAR COMBINATION CF PARAMETERS 
(OR ARE ZERO). THE EXPECTED VALUE OF THE BIASED ESTIMATORS MAY BE OBTAINED FROM THE GENERAL FORM OF ESTIMABLE 
FUNCTIONS. =0R THE BIASED ESTIMATORS. THE STD ERR 15 THAT OF THE BIASED ESTIMATOR AND THE T VALUE TESTS 
HO; E(9IASE3 ESTIMATOR) = 0. ESTIMATES NOT FOLLOWED 9Y THE LCTTER B ARE BLUE FOP THE PARAMETER. 
